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ABSTRACT
This thesis reports on the development and evaluation of the performance of a
nanostructured electrode anode for rechargeable lithium ion batteries. The aim is to
develop a new material for energy storage with high energy and power densities for
wide application in portable electronic devices.
The thesis begins by reviewing two approaches to the synthesis and characterization
of nanostructured iron oxide based anode for the lithium ion battery. The first
approach is the fabrication of various morphologies of iron oxide, and the second
involves the addition of various conductive agents, such as graphene, carbon, carbon
nanotubes, and others, in order to improve the electrochemical performance of iron
oxide anode for next generation energy storage in lithium ion batteries.
This thesis uses the second approach to design a three-dimensional material that
includes graphene nanosheets (GNS), porous graphitic carbon (PGC), and iron oxide
nanoparticles that are synthesized via an in-situ technique. It is found that such
nanocomposites of Fe3 O4 /C/PGC/GNS nanosheets with three-dimensional structure,
which are synthesized with different ratios of GNS 10 wt% and 20 wt%, exhibits
excellent electrochemical performance when applied as anode in the lithium ion
battery over 70 cycles. The reversible capacity of this nanocomposite with 10wt%
GNS after 30 cycles at 500 mA/g is 470 and 480 mAh/g for charge-discharge, while
for the nanocomposite with 20 wt% GNS, it is 420 and 430 mAh/g for chargedischarge, respectively. The reversible capacity is 97 and 99 mAh/g during chargedischarge at 5000 mA/g current density, respectively, for the 10 wt% GNS sample,
while the reversible capacity for the nanocomposite with 20 wt% GNS is 89 and 100
mAh/g during charge-discharge.
Another nanocomposite that has been synthesized with a two-dimensional (2D)
structure is Fe3 O4 /C/PGC nanosheets via an in-situ technique. This nanocomposite
exhibits good electrochemical performance over 35 cycles. It is found that the
reversible capacity of this nanocomposite at initial charge-discharge is 760 and 780
mAh/g after five cycles, respectively. Then, after 35 cycles it is 270 and 290 mAh/g
during charge-discharge, respectively.
In this thesis, Li4 Ti5 O12 electrode has also been synthesized and developed as a long
cycle life anode. The full battery containing Li4 Ti5 O12 coated by carbon exhibits
iv

good capacity retention. The capacity at the 40th cycle represents 96.8 % of the
discharge capacity at the first cycle. Carbon-containing nanocrystalline Li4Ti5O12
was synthesized by in-situ spray pyrolysis, producing crystal sizes ranging from 10
to 30 nm. Subsequent annealing in N2 preserved a proportion of the carbon from the
precursor organic salts, predominantly on the Li4Ti5O12 grain boundaries, where it
formed a conductive network. Such a situation would be expected to inhibit the
growth of the primary Li4Ti5O12 crystals. The molecular uniformity of the precursor
allows synthesis of Li4Ti5O12 with a significantly shorter heat treatment compared to
the conventional solid state reaction, which in turn saves energy during large-scale
production. Notably, both the nanosized particles and the carbon incorporation
improve the rate capability. In rate capability measurements, stable and high capacity
retention was observed from 0.5 C to 30 C. Spray pyrolyzed Li4Ti5O12 delivered a
discharge capacity of 145.8 mAh/g at 10 C for up to 500 cycles. In the full battery
tests with Li (Co0.16Mn1.84) O4 as cathode, it also shows excellent capacity and
cycling stability, further indicating that spray pyrolyzed Li4Ti5O12 is a promising
anode material for high power batteries.

v

TABLE OF CONTENTS
CERTIFICATION ........................................................................................................ i
DEDICATION ............................................................................................................. ii
ACKNOWLEDGEMENTS ........................................................................................ iii
ABSTRACT ................................................................................................................ iv
TABLE OF CONTENTS ............................................................................................ vi
LIST OF FIGURES .................................................................................................... ix
LIST OF TABLES .................................................................................................... xiv
CHAPTER 1
INTRODUCTION ..................................................................................................... 1
1.1

Background .................................................................................................. 2

1.2

Motivations for this study and innovations .................................................. 5

1.3

Outline of this study ..................................................................................... 6

CHAPTER 2
LITERATUREREVIEW............................................................................................. 8
2.1

Brief introduction to the lithium ion batteries over different generations: .. 9

2.2

The basic contents of LIBs……………………………………………….15
2.2.1

Anode electrode in LIBs ........................................................................ 16

2.2.2

Cathode electrode in LIBs...................................................................... 23

2.2.3

Electrolyte .............................................................................................. 26
Iron oxide – based nanostructures as anode in LIBs .................................. 29

2.3
2.3.1

Nanorods as anode in LIBs .................................................................... 30

2.3.2

Nanoparticles as anode in LIBs.............................................................. 32

2.3.3

Nanowires or nanofibers as anode in LIBs ............................................ 36

2.3.4

Nanotubes as high performance anode in lithium ion batteries ............. 42
Iron oxide –based nanocomposite materials as anode in LIBs…….……..47

2.4
2.4.1

Iron oxide/graphene as anode in LIBs……………………………..…48

2.4.2

Iron oxide/CNTs as anode in lithium ion batteries…………………..52

2.4.3

Iron oxide/carbon as anode in LIBs…………………………………..58

CHAPTER 3
EXPERIMENTAL DETAILS .................................................................................. 63
3.1

Materials and chemicals ............................................................................. 64
vi

3.2 Structure analysis of materials and physical characterization.......................... 65
3.2.1

X-rays diffraction(XRD) ....................................................................... 65

3.2.2

Scanning electron microscopy (SEM) and field emission scanning

electron microscopy (FESEM)........................................................................... 67
3.2.3

Transmission electron microscopy (TEM) ............................................ 68

3.2.4

Raman spectroscopy............................................................................... 69

3.3

Electrode preparation and coin cell construction ....................................... 70

3.3.1

Electrode fabrication .............................................................................. 71

3.3.2

Coin cell construction ............................................................................ 71

3.4

Electrochemical performance testing ......................................................... 72

3.4.1

Galvanostatic cycling test ...................................................................... 73

3.4.2 Energy dispersive x-ray spectroscopy (EDS)……………………………73
CHAPTER 4
Fe3 O4 /C/PGC/GNS nanosheets and 2D Fe3 O4 /C /PGC as high performance anodes
for LIBs ...................................................................................................................... 74
4.1

Introduction ................................................................................................ 75

4.2

Experimental .............................................................................................. 78

4.2.1

Graphenenanosheets preparation ........................................................... 78

4.2.2

Two dimensional

Fe3 O4 /carbon / Porous graphitic carbon (PGC)

powder fabrication ............................................................................................. 79
Synthesis of nanocomposite of graphenenanosheets with Fe3 O4 /C/

4.2.3

PGC nanosheets (GFC) .................................................................................... 80
4.3

Results and discussion ............................................................................... 81

4.4

Conclusion………………………………………………………………….87

CHAPTER 5
Mass production of Li4Ti5O12 with a conductive network via in-situ spray pyrolyzed
as a long cycle life, high rate anode material for lithium ion batteries……………..90
5.1

Introduction ................................................................................................ 91

5.2

Experimental .............................................................................................. 92

5.3

Results and discussion ............................................................................... 94

5.4

Conclusion ............................................................................................... 104

vii

CHAPTER 6
Conclusion ............................................................................................................. 105
6.1

General conclusion ................................................................................... 106

6.2

Recommendations .................................................................................... 107

6.2.1

Fe3 O4 /GNS/C/PGC nanosheets ........................................................... 107

6.2.2

Nanocrystalline Li4Ti5O12 ................................................................... 107

Refrences……………………………………………………………………...109-126
APPENDIX A: PUBLICATION ............................................................................. 127
APPENDIX B : REWARDS RECEVED ............................................................... 128

viii

LIST OF FIGURES
Figure 2.1: Specific energy (SP) in watt-hour per mass vs. energy density (ED) in
watt-hour per liter for different rechargeable batteries[16]................................ 10
Figure 2.2: Principle of operation of first generation lithium ion battery during
charge and discharge. Graphite is the anode and layered LiCoO2 the cathode [31]. . 15
Figure 2.3: Constituents of LIBs (cathode, anode, and electrolyte) [32]…….…...15
Figure 2.4: Crystallographic representations of TiO2 (a) rutile, (b) anatase, (c)
brookite, and(d) bronze(B)TiO2[17, 48]……………………………………..........20
Figure 2.5: Crystal structure of Li4Ti5O12 [53]..........................................................21
Figure 2.6: Olivine crystal structure of LiMPO4 based cathode in LIBs [68]…….26
Figure 2.7: Orthorhombic structure of LiFePO4 and FePO4 trigonal structure [30,
41]..............................................................................................................................26
Figure 2.8: Schematic diagram showing mechanism of the formation of the SEI
through the decomposition of 𝐋𝐢(𝐬𝐨𝐥𝐯𝐞𝐧𝐭)𝐱 𝐂𝐲 ) [72]………………………………28
Figure 2.9: Cycling performance of hematite nanorod electrode [82]…………..…30
Figure 2.10: Nanorod structured hematite particles (a) fresh nanorod particles of αFe2O3 (b) after 100 cycles at the 0.5 C-rate [82]………………………………...…31
Figure 2.11: Electrochemical performance of α-Fe2 O3 nanorods based anode
compared with electrodes with submicron and micron sized α-Fe2 O3 particles for the
first five cycles during discharge and charge at the 0.2 C-rate [82].....................32
Figure 2.12: TEM image showing the crystallinity of Fe2 O3 nanoparticles [90]...33
Figure 2.13: (a) Pristine α-Fe2 O3 electrode with micrometer-sized particles, (b)
hematite particles after 100 cycles at the 0.5 C rate [82].........................................33
Figure 2.14: (a) Initial galvanostatic during charge –discharge curves of Fe3 O4
nanoparticles at 100,500,1000 mA/g (b) Rate performance of Fe3 O4 electrode(1001000 mA/g) (c) cycling performance of Fe3 O4 -based nanoparticles as anode in LIBs
at 100,500 and 1000 mA/g current densities [90]............................................35
Figure 2.15: XRD pattern of α-phase iron oxide nanowires [93]…………………36
Figure 2.16: TEM images of Fe2 O3 nanowires at (a) low magnification, with the
inset showing the corresponding SAED pattern, (b) high magnification TEM image
of a single nanowires, with the inset showing a high resolution TEM (HRTEM)
image [93]...................................................................................................................37
ix

Figure 2.17: a) CV curves of the first three cycles for Fe2 O3 nanowires as anode in
lithium ion batteries, b) and cycling performance over 100 cycles, with the inset
showing the capacity performance of the Fe2 O3 nanowires during charge-discharge
for the first cycle [93]..............................................................................................38
Figure 2.18: FESEM images of Fe(𝑎𝑐𝑎𝑐)𝟑 composite fibers, a) at higher
magnification rate and at a low magnification rate (inset),(b) highly magnified αFe2 O3 nanofibers with hollow structure and corresponding low magnification
inset,(c)TEM images of α-Fe2 O3 nanofibers, showing hollow structure [96]……..39
Figure 2.19: (a) Cyclic voltammograms of the α-Fe2 O3 -based nanofibers electrode
for selected cycles; (b) cycling performance of α-Fe2 O3 nanofibers at current density
of 60 mA/g; (c) rate capability of α-Fe2 O3 nanofibers at different C-rates at different
current densities [96].................................................................................................40
Figure 2.20: (a) Schematic diagram of formation process of iron oxide nanotube
arrays, (b)XRD patterns show the stages of formation of α-Fe2 O3 nanotube arrays;
(A) ZnO

nanowires pattern after immersion for 30 min in Fe+3 solution; (B)

formation of Fe(OH)𝟑 nanotube array; (C) formation of α-Fe2 O3 nanotube arrays;
(D) formation of Fe3 O4 nanotube array [102].........................................................43
Figure 2.21:(a) Raman spectrum of α-Fe2 O3 nanotube array, (b) SEM image at low
magnification and optical image(inset) of the array on a large area alloy substrate; (c)
SEM image of the array at high magnification; (d) TEM image and corresponding
SAED

pattern

(inset)

of

several

alpha

iron

oxide

nanotubes

[102]...........................................................................................................................45
Figure 2.22: a) Cycling stability of α-Fe2 O3 and C/α-Fe2 O3 nanotube arrays, with
the inset showing the different capacity vs. Voltage;(b) reversible capacity vs. current
density during different cycles for α-Fe2 O3 nanotube and C/α-Fe2 O3 nanotube array
electrodes [102].........................................................................................................47
Figure 2.23: HRTEM image of nanohybrids electrode Fe3O4/GNS [119]……….49
Figure 2.24:

Schematic diagram of Li insertion/extraction during cycling in

Fe3 O4 /GNS composite anode[124]............................................................................50
Figure 2.25: a) SEM images of ( Fe3 O4 ) nanoparticles; (b) TEM images
of Fe3 O4 nanoparticles (c)SEM images of Fe3 O4 /GNS nanocomposites; (d) TEM
image of Fe3 O4 /GNS nanocomposite and corresponding SAED pattern (inset) (e)
HRTEM image of graphenenanosheets; (f)HRTEM image of Fe3O4[125]……….51
x

Figure 2.26: XRD patterns of hollow nanoparticles of Fe3 O4 and hollow nanoparticles of Fe3 O4 /GNS nanocomposite [127]..........................................................52
Figure 2.27: Fe2 O4 / CNT composite based anode in LIBs [138]…………………54
Figure 2.28: (a) Cycling performance of Fe2 O3 /CNTs composite and potential vs.
specific capacity (inset) as anode in lithium ion batteries [141]................................54
Figure 2.29: Rate performance of Fe2 O3 /CNTs during charge-discharge [141]......55
Figure 2.30: Schematic illustration of the mechanism used in the hydrothermal
method to form CNT/Fe3 O4 [144]...............................................................................56
Figure 2.31: HRTEM images of a) APCNTs and b) IO/ACNTs [121]…………56
Figure 2.32

Microstructure of Fe3 O4 / CNTs nanocomposite (a) field emission

images of multiwalled CNTs,(b) FESEM images of Fe3 O4 /CNTs, (c) TEM images
of CNTs/ Fe3 O4 , with the inset to(d) showing the corresponding SAED pattern
[146] ..........................................................................................................................57
Figure 2.33: a) CV curves of Fe3 O4 /C and b) CV curves of Fe3 O4 nanoparticles
from the first to the third cycle [147].......................................................................59
Figure 2.34: XRD pattern of porous iron oxide/carbon microbelts [149]………..61
Figure 2.35:

a) SEM image of precursor microbelts during synthesis by the

electrospinning method,(b) SEM image at low magnification of Fe3 O4 /C microbelts
that are formed after calcinations at 500 ° C, (c) cross-sectional SEM image of
microbelts, (d) SEM image of Fe3 O4 /C porous structure [149]…………………..61
Figure 3.1:Reflection of X-rays beam from lattice planes according to Bragg’s law
[152]. .................................................................................................................. 66
Figure 3.2: Schematic configuration of scanning electron microscope [154]. ......... 68
Figure 3.3: Schematic diagram of (TEM) instrument [157]. .................................. 69
Figure 3.4: Schematic diagram of mechanism of Raman spectroscopy [158]......... 70
Figure 3.5: Schematic diagram of the basic parts of the coin cell that used in(
ISEM); a) coin cell without active material; b) coin cell with active material
[159]. .................................................................................................................. 72
Figure 4.1: a) Colloidal suspension of graphene oxide with yellow brown color;b)
graphene oxide with black colour after reacting with oxalic acid at 75˚C
[168]....................................................................................................................78
Figure 4.2: Schematic diagram of conversion process of graphite to chemically
derived graphene by Hummers' method [169]. .................................................. 79
xi

Figure 4.3: Schematic diagram of fabrication of 2D Fe3O4/GNS/C/PGC nanosheets
powder via in situ synthesis by using the surfaces of

NaCl

particles as

templates [170]. .................................................................................................. 80
Figure 4.4: a)SEM images of Fe3O4/GNS/C/PGCnanosheets;b)SEM image of 2D
Fe3O4/C/PGC nanosheets ................................................................................... 81
Figure 4.5: Electrochemical cycling performance of a)2D Fe3O4/C/PGC nanosheets
during charge-discharge at constant current density of 100 mA/g over 35 cycles,
with the inset showing the voltage profile; b) electrochemical performance of
2D Fe3O4/C/PGC nanosheets at different current rates over 40 cycles of chargedischarge. ........................................................................................................... 82
Figure 4.6: Cycling performance of the

Fe3O4/GNS/C/PGC nanosheets with 10

wt% graphene over 70 cycles at constant current density of 100 mA/g ........... 83
Figure 4.7: Voltage profiles plotted for the first and 50th cycles of the
Fe3O4/GNS/C/PGC nanosheets composite electrode with 10 wt% graphene at a
current density of 100 mA/g, during charge and discharge. .............................. 84
Figure 4.8: Cycling and rate performance of a) Sample1 Fe3O4/C/PGC/GNS
nanosheets electrodes with 10 wt% graphene, at various current densities of
100 mA/g, 200 mA/g, 300 mA/g, 500 mA/g, 1000 mA/g, 5000 mA/g and 10000
mA/g ; b) cycling and rate performance of sample 2 Fe3O4/C/PGC/GNS
nanosheets with 20 wt% during 70 cycle. .......................................................... 85
Figure 5.1: Schematic diagram of the technique for producing in-situ spray
pyrolyzed Li4Ti5O12 with a conductive network as a long cycle life, high rate
anode material for lithium ion batteries. ............................................................ 93
Figure 5.2: TEM images: (a) raw LTO and (b) a high-resolution image with the inset
showing the corresponding selected area electron diffraction (SAED) pattern;
(c) LTO-N, with the inset showing the SAED pattern, and (d) a high resolution
image; (e) LTO-A, with the inset showing the hollow spheres, and (f) a high
resolution image. ................................................................................................ 94
Figure 5.3: a) XRD pattern ....................................................................................... 95
Figure 5.4: (a) Raman spectra of LTO samples annealed in N2 and air; (b) high
resolution TEM image of the LTO-N sample; and (c) schematic diagram of
carbon distribution on grain boundaries. ............................................................ 96

xii

Figure 5.5: EDS mapping of sample LTO-N: (a) SEM image, (b) carbon
distribution, with the inset showing the EDS spectrum, (c) titanium distribution,
(d) oxygen distribution. ...................................................................................... 97
Figure 5.6: Rietveld refinements of the Li4Ti5O12 structural model based on XRD
data for LTO-N (top) and LTO-A (bottom). Crosses () indicate the collected
data, the solid line through the data is the calculated model, the purple line
below is the difference between the observed and calculated patterns, and the
vertical lines indicate Bragg reflections. The insets contain digital photographs
of the powder samples, respectively. ................................................................. 99
Figure 5.7: Electrochemical performance of samples: (a) cyclability of LTO-N and
LTO-A at 0.5 C, (b) discharge curves of LTO-N and LTO-A at a current density
of 8.75 mA/g (C/20), (c) rate capability of LTO-N and LTO-A samples from 0.5
C to 30 C (with charge and discharge processes at the same C-rate), (d)
cyclability of LTO-N at 10 C with different ratios of active material: carbon
black: binder (with the charge rate fixed at 1 C =175 mA/g). ......................... 100
Figure 5.8:Galvanostatic charge/discharge curves of Li4Ti5O12 annealed in N2 at
different C-rates. .............................................................................................. 101
Figure 5.9: Li4Ti5O12 anode and Li(Co0.16Mn1.84)O4 cathode full battery tests: (a)
galvanostatic charge/discharge curves for the first cycle, and (b) cycling
performance.............................................................................................................. 103
Figure 5.10: Galvanostatic charge/discharge curves of Li(Co0.16Mn1.84)O4 vs. Li+/Li
at current densities of 87.5 mA/g and 175 mA/g. .................................................... 103

xiii

LIST OF TABLES

Table 2.1:

Advantages and disadvantages of

lithium ion secondary

batteries

compared with other secondary batteries [24] ................................................... 12
Table 2.2: Various electrochemical properties of different anode materials in lithium
ion batteries, volume change, theoretical specific capacity, onset potential and
charge density [33]: ........................................................................................... 16
Table 2.3: Different types of non-aqueous electrolytes for lithium ion batteries [77].
............................................................................................................................ 29
Table 3.1: Materials and chemicals used in my master's study.................................64

xiv

1 INTRODUCTION

1

1.1

Background

Currently, consumption of energy sources that depend on the combustion of fossil
fuels has resulted in creating large competition between different nations in the field
of energy storage. There are predictions that the lack of adequate means of energy
storage could cause a serious crisis in the future, which would affect global
economics, ecology, and society as well. Therefore, because of the irreproducible
characteristics of fossil fuels, many efforts in recent years have been made to explore
novel source of materials and devices for energy conversion and storage systems,
such as fuel cells, electrochemical capacitors, and lithium batteries [1, 2].
In spite of the fact that these types of energy storage have different mechanisms, the
common phenomenon that can be observed in these energy storage devices is that
energy storage processes can take place at the phase boundary that acts as an
interface between the electrode and the electrolyte. Lithium ion batteries, in
particular, have been widely used in numerous types of electronic devices, such as
laptops, digital cameras, mobile phones, and video recorders. Furthermore, the
lithium ion battery is considered one of the most promising power sources for
electric vehicles (EVs) and hybrid electric vehicles (HEVs) as well.
In addition, there is a need to provide energy storage devices with higher
power/energy storage, greater safety, and more durability. Engineering of
nanostructured materials, including nanowires, nanoparticles and carbon nanotubes,
has played a key role in improving the durability of lithium ion batteries, due to their
high energy-power density [1, 3]. In this connection, the metal oxides that undergo
conversion reactions are represented in the following equation:
MOx + xLi+ + xe− → M + xLi2 O……………..1.1.
Where M is a metal. Metal oxides are considered to be promising candidates anode
electrode materials for the next generation of lithium ion batteries. This is because of
their high theoretical capacity, which falls in range of (500-1000 mAh/g), much
better than the theoretical capacity of commercial graphite anode for the lithium ion
battery, which is approximately (372 mAh/g).
Recently, iron oxides have been extensively studied due to their low cost, safety,
environmental friendliness, and availability. Large volume changes upon Li
insertion/extraction are a significant drawback, however, as they lead to mechanical
2

degradation and rapid capacity loss, particularly at high C-rates [4]. Furthermore,
pure iron oxides based anode materials in lithium ion batteries habitually suffer from
agglomerations and large volume change upon deep cycling during C-rate testing.
These results in low rate capability due to kinetic limitations and the rapid fading of
capacity. Iron oxides have low conductivity, which usually leads to further hastening
of the degradation process, resulting in poor electrochemical performance [5].
Therefore, in order to improve the electrochemical performance of iron oxides,
several types of nano-architectures have been investigated to design novel electrode
anode materials for the lithium ion battery. These different nano-architectures can
play a vital role in mitigating the problem of large volume change and improving the
electronic conductivity [6]. A variety of nanocomposites or nanostructures with
various matrices have been explored in recent years in attempts to overcome these
obstacles and achieve good electrochemical performance, particularly at high current
density rates. In this case, carbon coating the iron oxides surface has been
extensively employed in order to improve their electrochemical performance [5].
In this thesis, we describe a novel strategy for fabricating GNS/Fe3 O4 based
nanocomposite as anode for the lithium ion battery. Accordingly, carbonaceous
materials are considered promising candidates as matrices to anchor Fe3 O4
nanoparticles in order to prepare novel anode based composites.
As a result, the carbon phase can act as a volume buffer in order to absorb the large
volume changes and maintain the structural stability of the electrode. Thus, it can
increase the electronic conductivity, and ensure good electrochemical performance.
Graphene is an emerging two-dimensional (2D) carbon nanostructure that consists of
monolayer (sp2 ) hybridized carbon atoms. The graphene nanosheet structure has
extraordinary properties, including stable electrical conductivity in-plane, good
thermal conductivity, a flexible porous structure, an ultra-high specific surface area,
and good mechanical properties. These unique properties of (GNS) compared with
other carbon matrices; enable them to be better for applications in conversion and
energy storage devices than conventional alternatives [7].

Of particular interest, in this thesis it prepared electrode anode–based nanocomposite
from iron oxide and graphenenanosheets with three dimensional structures. This
nanocomposite can be fabricated by mixing the graphene nanosheets solution with
3

the (𝐹𝑒3 𝑂4 / porous graphene carbon (PGC)), there are many innovations results that
are caused by improving the electrochemical performance of both iron oxide and
graphene nanosheets when they use together as nanocomposite anode in lithium ion
batteries as follows:
i) The iron oxide can play a key role in improvement the rigidity of three
dimensional graphene nanosheets via dispersion the porous particles of (𝐹𝑒3 𝑂4 )
within (GNs). This can reduce the degree of GNs layers stacking due to the strong
bond of van der Waals between (GNs) layers which results in increased the sites of
lithium storage and diffusion.
ii) Deposition of iron oxide on to the (GNs) can act as promising anode that can
verify higher reversible capacity, higher coulombic efficiency, larger C- rate and
excellent cyclic stability.
iii) This composite with three dimensional structures can provide high surface area to
distribute the porous particles of iron oxide homogenously within GNs which leads
to reduce the stress that results from volume change during lithiation and delithiation
process. This contributes to increase the capacity and reversible capacity and also
decrease fast fading rate of capacity.
iv) Reduce the negative impact of solid electrolyte interface as can as possible such
as decrease the irreversible capacity loss in the initial cycle during the discharge and
charge.
iiiv) Iron oxide which has higher theoretical capacity of 922 mAh/g can act a key role
in increasing the low graphene nanosheets capacity that is present in graphene
sheets.
iiiiv) Iron oxide can verify safe operation through prevent the burning within shortcircuit that results from releasing the oxygen.

Nanocrystalline Li4Ti5O12 was also synthesized by an in-situ spray pyrolysis
technique followed by heat treatment in N2 for short periods of time, resulting in selfcontained carbon originating from the organic synthetic precursors. The excellent
high rate capability and full battery tests indicate that this is a promising anode
candidate for high power lithium-ion batteries.

4

1.2

Motivations for this study and innovations

In the contemporary situation, magnetite iron oxides have many advantages over
other transition metal oxides, such as high theoretical capacity of 922 mAh/g, low
cost, non-toxicity, a good safe voltage range, approximately (0.9 V vs. Li/Li+), a low
reversible loss of capacity at the first cycles, environmental friendliness, and a higher
potential than graphite, which leads to reduced metallic deposition on the anode
during the process of charging lithium ion batteries. Thus, iron oxides have been
widely utilized in many applications, such as drug delivery, and targeting, and also as
electrode anode in lithium ion batteries. Nevertheless, iron oxides used as anode
electrode in lithium ion batteries like other transition metal oxides have many
limitations, such as the following:
1) Poor cycling stability and reduction in active surface area that results from
agglomeration of iron oxide active particles during discharge-charge.
2)Large volume changes during insertion and extraction of lithium ions and also
large volume changes that reduce the iron oxide's integrity during deep charge and
discharge cycles, which result in poor cycling performance and cracking of the
anode.
3) High electrical contacts of the iron oxide with the carbon black (CB) component
resulting in a fast rate of capacity fading during lithium ion insertion and extraction
processes.
Moreover, graphene nanosheets with a single atom thick layer of honeycomb carbon
lattice and sp2 bonding between carbon atoms have attracted great attention from
researchers in recent years due to their excellent mechanical stability, larger lithium
ion storage capacity than graphite anode, with high theoretical storage capacity of
lithium ions around (744 mAh/g), good conductivity, large surface area, good
structure of the unique graphitized basal plane and also low cost manufacturing.
Nevertheless, graphene nanosheets have multiple disadvantages when applied as
anode in lithium ion batteries, such as the following:
a) Low specific capacity of the graphene nanosheets, which cannot satisfy the needs
for high power and energy densities of portable electronic devices and hybrid electric
vehicles.
B) Naturally stacking of (GNS) into multilayers, with a consequent negative
influence on the number of their active sites for lithium ion storage.
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C) Graphene nanosheets suffer from aggregation within their layers, which leads to
difficulty in observing their true chemical and physical properties.
These disadvantages are obstacles to overcoming the current problems of increasing
demand for higher energy densities and higher power densities in lithium ion
batteries to meet the requirements of newly developed electric vehicles and portable
electronic devices, as mentioned above and in the literature. Scientists at the present
time are facing the challenge of circumventing such limitations that result from the
application of graphene nanosheets alone or of bare iron oxide as anode electrode in
lithium ion batteries. These challenges are being addressed in various ways, such as
designing different morphologies of nanostructured iron oxide in such forms as
nanoparticles, nanowires, nanofibers, nanorods and nanotubes as mentioned in the
literature. Another way to overcome such limitations is to use iron oxide particles
mixed with particular conductive agents, such as graphene, carbon nanotubes and
carbon in order to make anode electrodes with high electrical performance based on
nanocomposite materials.
.
In addition, in this thesis, in order to reduce environmental pollution we have
developed nanocrystallie Li4Ti5O12 as the most promising alternative anode materials
with long cycle life for application in high power lithium ion batteries because of its
high operating voltage and “zero strain” property, which result in increased safety
and stable cycling performance.

1.3

Outline of this study

An outline of this thesis is briefly presented in relation to the following chapters:
1- A literature review on lithium ion batteries is presented in Chapter Two. This
chapter includes a brief introduction to lithium ion battery over different
generations, the basic contents of a lithium ion batteries (anode, cathode,
and electrolyte), and a review of many of the previous studies on iron oxide
based nanostructures and nanocomposites as anode electrode and their
applications in lithium ion batteries.
2- Chapter Three represents the experimental procedures, including brief
explanations of the characterization methods such as X-ray diffraction
6

(XRD), transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and Raman spectroscopy. This chapter also explains the
electrode preparation and coin cell design, and the general concepts of
measuring the electrochemical performance of lithium ion battery coin cells.
3- Chapter Four presents facile routes to examine the morphology of

(Fe3 O4 /

GNS/C/PGC nanosheets, where PGC is porous graphitic carbon, and test the
electrochemical performance as anode of Fe3 O4 /GNS/C/PGC nanosheets and
Fe3 O4 /C/ PGC nanosheets nanocomposites.
4- Chapter Five “is devoted to the development of In-situ spray pyrolyzed
Li4Ti5O12 with a conductive network as a long cycle-life, high-rate anode
material for lithium ion batteries”
5- The conclusions of this dissertation are summarized in Chapter Six, and some
suggestions for further research are also presented.
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2 LITERATURE REVIEW

8

2.1

Brief introduction to the lithium ion batteries over different generations:

In recent years, the need for portable power sources has increased due to the
overwhelming presence of electronic applications in most fields of human life.
Portable power applications continue to motivate researchers who are interested in
the development of advanced battery systems to persist in the evolution of lithium
ion batteries (LIBs) [8]. In 1958 Harris reported the first publication on primary
lithium batteries [9]. Moreover, lithium metal has many good properties, such as very
light weight, high potential, very high voltage and the largest energy density to date.
It was therefore used as the anode electrode in high energy density primary batteries.
Several years of research to further develop lithium batteries played a key role in
discovering the rechargeable lithium ion battery [10]. The rechargeable lithium ion
batteries are considered to be the technology of choice in most electronic devices,
such as cell phones, digital cameras, and laptops, while lithium ion batteries are also
being used in next-generation electric vehicles (EVs) and hybrid-electric vehicles
(HEVs)[8, 11]. In 1970 Harris developed and commercialized different types of
lithium batteries. The most common types

include lithium sulfur-dioxide

(Li/SO2 ),lithium sulfuryl chloride(Li/SO2 /Cl2 ),lithium in iodine, lithium –manganese
dioxide(Li/MnO2 ) and others[12].In addition, in the 1980s many efforts were made
to develop rechargeable lithium batteries, but there were many difficulties in
recharge ability due to the metallic lithium anode and also many safety issues such
as flame and venting due to the higher reactivity of metallic lithium, particularly
when lithium is electrodeposited from the electrolyte solution. Furthermore, nonaqueous electrolytes in secondary LIBs had lower conductivity by orders of
magnitude compared with aqueous electrolyte [13].The demand for rechargeable ion
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lithium batteries grew rapidly, however, in worldwide markets which now consume
approximately 10 billion dollars annually [14]. The major reasons for that rapid
growth are that LIBs have good cycling performance and high energy density [15].
The fundamental concepts of rechargeable batteries such as lithium ion batteries can
be demonstrated from the many voltaic cells which are present in a battery. Every
cell contains two half-cells. These cells include three parts (anode, cathode and
electrolyte). In one half-cell the anions which carry negative charge are transferred
from the positive electrode (cathode) during charging to the negative electrode
(anode), while the cell the cations that carry positive charges are transferred to the
cathode. The electrolyte medium separates the two electrodes which will be ionized
during the charging/discharging processes in order to create the cations and anions,
and also in order to allow the transportations of those ions.

Figure 2.1: Specific energy (SP) in watt-hour per mass vs. energy density (ED) in
watt-hour per liter for different rechargeable batteries [16].

It can be demonstrated from Figure 2.1 that batteries based on lithium ions have the
highest energy density and power density (PD) among the numerous available
technologies for the storage of energy [16].
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Moreover, Sony Corporation in early 1991 offered commercial secondary lithium
ion batteries that had cathodes with layered lithium cobalt oxide (LiCoO2 ) and
graphite as anode, with an aqueous electrolyte that consisted of a solution of a
lithium salt such as LiPF6 that can dissolve in a mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC) [17]. The principal operation during the charge and
discharge, respectively, in LIBs involves the transportation of lithium ions during
these processes from and to the two electrodes (anode and cathode), where the
storage and delivery of electrical energy will occur. The reactions during these
processes can be represented in the following Equation (2.1) [17, 18]:
LiCoO2 + 6C

Operationreaction

Li1−x CoO2 + Lix C6 ………………. 2.1

In addition, during the oxidation reaction, the valence state of Co will increase from
(Co+3 to Co+4 , while the valence state of graphite will decrease during the reduction
reaction. Also, during the charging process, the electrical energy will be converted to
chemical energy in the form of charged products. Note that LIBs are also assembled
in the discharged state. Then, the system of operation during the large number of
cycles of charge and discharge is completely reversible [17].
This type of battery (LIBs) is widely dispersed in world markets compared to the
other secondary batteries such as cadmium nickel, metal hydride, nickel secondary
cells, and lead acid secondary cells with acidic or alkaline aqueous solution
electrolyte [19]. One reason is that lithium ion secondary batteries have many
outstanding properties, such as the following:
i) They have higher operating voltage, approximately (3.7 V) [8].
ii) They have large gravimetric energy density and also high volumetric energy
density [8].
iii) They have the lowest or no memory effect [8, 20], unlike Ni-Cd and Ni-MH
batteries [21].
iv) They have a very low rate of self-discharge (lower than 10% per month) [22].
iiv) They have higher operation over a wide temperature range [8].
iiiv) They have light weight and can provide a higher capacity range from about
700 mAh to 2400 mAh for a single battery cell [23].
Meanwhile, there are many other advantages and disadvantages of lithium ion
batteries compared with other secondary batteries as listed in Table 2.1 as follows:
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Table 2.1 : Advantages and disadvantages of lithium ion secondary batteries
compared with other secondary batteries [24]

These advantages were evident in spite of the fact that the outstanding properties
were for the first generation of LIBs based on (LiCoO2 ) as cathode and graphite as
anode. These LIBs, however, still needed to satisfy several more important factors as
follows:
The high costs of LIBs need to be reduced, as they are more expensive than nickel
metal hydride batteries. This is caused by the presence of toxic and expensive Co
metal in the cathode and also the expensive Li salt LiPF6 in the electrolyte [25].
Thus, a cheaper electrode and electrolyte are needed for LIBs [17].
LIBs need to improve their energy density from (120 to 250 Wh/g). This energy
performance is based on both the capacities and the operating potentials of the
electrode materials. In LIBs, it can be seen that just 50% of the theoretical capacity
of (LiCoO2 ) cathode can be utilized, a range of capacity of (140 mAh/g vs. 274
mAh/g), while the theoretical capacity for (LiC6 ) graphite anode is approximately
(372 mAh/g). While good practical capacity should be in range of (300-320 mAh/g).
Hence, there is a need to use good electrode materials that can give higher capacities
and can operate at higher voltage for the cathode of more than ( 4.0 V vs. Li) and
lower voltage at the anode (less than 0.5V vs. Li) in order to increase the energy
density [17].
LIBs need more stable cathodes and anodes in order to demonstrate safe operation
because of the current thermal instability of the charged cathode and anode, which
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may act as high power oxidizing and reducing agents, respectively, so that the
solvents that are present in the electrolyte will decompose to develop gases and heat.
For instance, the (LiCoO2 ) cathode electrode acts as powerful oxidizing agents, due
to the large amount of Co+4 that is present in the formation of Lix CoO2 during the
oxidation reaction when charged above (4.3 V vs. Li). Similarly, during charging at
higher current rates. Li is repeatedly deposited in the form of dendrites on the anode
electrode (graphite), and it then can penetrate within the micro-porous separator and
short circuit the LIB. When this occurs, all the chemical energy that is stored in the
lithium ion battery will be converted to heat, which can cause a fire, explosion, or
smoke evolution [17, 26].
LIBs need to improve their low and high temperature performance during operation.
Nowadays, LIBs show obvious degradation in their capacity of around (50%-75%)
during operation at temperatures of 10°C and 0°C, respectively. This results from the
lower kinetics of the reaction involving lithium ions and the reduced ionic
conductivity of the electrolyte. Also, when the LIBs operate at temperatures of more
than 60°C, in spite of good electro chemical performance the cathode decomposition
and electrolyte degradation increase, which are considered undesirable events in
LIBs [17].
LIBs need to avoid overcharge failure because of charging at excessive voltage or at
excessive current. This leads to degradation of both the anode and the cathode
electrodes, which results in unwanted reactions at both the anode and cathode. Thus,
the structure and thermal stability of the lithium cell are degraded [27].
Accordingly, the first generation LIBs based on LiCoO2 as cathode and graphite as
anode have high energy storage capacity, more than twice that of nickel batteries
and lead batteries that have the same size and mass. They fall short in terms of higher
energy density, lower cost, safe operation, higher power, and positive impact on the
environment. Thus, the efforts of researchers have progressed continuously in order
to improve the performance of LIBs via using various types of electrode materials
rather than LiCoO2 such as LiNiO2 , LiMn2 O2 , LiFPO4 [8], and others. Batteries with
these electrode materials have currently reached the markets at different levels [14].
Generally, the mechanism of energy storage in LIBs can be illustrated as follows.
When the electrical energy is stored by LIBs in the electrode, insertion compounds of
Lithium can form that are associated with the occurrence of a reduction process at
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the cathode electrode and an oxidation process at the anode electrode. A lithium ion
battery consists of two electrodes, the anode with negative charge, such as graphite,
the cathode with positive charge, such as a layered LiCoO2 , and an aqueous
electrolyte. During the charging lithium ions moves away from host cathode of
layered LiCoO2 and are transferred across the electrolyte and interface to between the
layers of graphite. When the electrons move around the external circuit to different
power systems, the process of reversible discharge occurs [28]. Furthermore, the
discovery of the rechargeable lithium ion battery started with solid-state chemistry,
with the discovery of insertion compounds such asLix MO2 , where M is a metal,
particularly cobalt or nickel. These compounds were proposed by the researchers in
Goodenough’s group, and they are also still widely used today [29]. Moreover, low
voltage for lithium ions and highly reversible carbonaceous materials. This led to the
commercialization of Lix C6 /Li1−x CoO2 [30]. The following three reactions
demonstrate the conversion of energy during the discharge of LIBs [14]:
The reaction at cathode:
Li1−x CoO2 + xLi+ + xe−

Discharge

LiCoO2 …………………2.2

.
The reaction at anode: Lix C6

Discharge

xLi+ +xe− + C6 ……2.3

Full cell reaction:
LiC6 + CoO2

Discharge

C6 + LiCoO2 ………………………..2.4
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Figure 2.2: Principle of operation of first generation lithium ion battery during
charge and discharge. Graphite is the anode and layered LiCoO2 the cathode [31].

2.2

The basic contents of LIBs

LIBs are composed of three basic parts, the negatively charged electrode (anode), the
positively charged electrode (cathode), and a non- aqueous liquid electrolyte. As
shown in Figure 2.3:

Figure 2.3: Constituents of LIBs (cathode, anode, and electrolyte) [32].
Obviously, it may also be noted that the kinetics in LIBs is critical for evaluating
their electrochemical performance. According to this kinetics, the formation of
electrical energy occurs via the conversion of chemical energy through the oxidation
and reduction reactions that occur at the anode and cathode electrodes, respectively.
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Such reactions usually occur under many different conditions, such as of voltage,
concentration of lithium ions, temperature, and current [1, 28].

2.2.1

Anode electrode in LIBs

Alloy anodes in lithium ion batteries can provide high energy capacity and safe
operation, since they are considered as promising anode materials for energy storage
power sources. There are various forms of alloy anodes, such as inter-metallic
compounds in crystalline or amorphous form, or pure metals. Also, alloy anodes
have specific theoretical capacities 2-10 times as great as graphite anode. The
electrochemical properties are compared between alloy anodes and lithium metal
anode in Table 2.2[33].
Table 2.2: Various electrochemical properties of different anode materials in lithium
ion batteries: volume change, theoretical specific capacity, onset potential and charge
density [33]:

It can be demonstrated that the two most basic requirements for advanced anode
materials are long cycle life and low irreversible capacity. Unfortunately, recent
studies have confirmed that several types of alloy anodes suffer from high initial
irreversible capacities that represent the difference between the initial C-rate capacity
and the rapid fading rate of capacity during deep cycling, which leads to irreversible
capacity loss. Also, alloy anodes exhibit poor cycling stability during lithium
insertion-extraction processes due to their large volume change of more than (300%).
Alloy anodes have high irreversible capacity loss at the first cycle and during C-rate
testing as well [34].This is caused by the formation of films of solid-electrolyte
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interphase (SEI), aggregation of alloy anodes particles, the trapping that occurs in the
host alloy, lack of active materials, and also the reaction of alloy anodes with the
surface oxide layers [35]. To access the full potential of the lithium ion battery,
however, most research in the field of power sources is devoted to developing high
capacity anode materials to deal with an advanced cathode in battery cells [14].
 Graphite
Graphite in particular is used as an alternative anode to lithium metal in
rechargeable LIBs for many reasons, such as its higher negative redox potential
compared to most metal oxides, its availability , the good stability of its' structure
during prolonged cycling, its lower electrode potential compared to Li metal, and the
higher plateau in its voltage profile. The electrochemical intercalation of lithium into
carbon based anode materials, however, depends on many criteria, such as the
crystallinity, structure, and morphology of the carbonaceous material, so the insertion
of lithium ions into graphite can be represented in the following equation:
Li+ + e− + 6C = LiC6 …………………….2.5
Graphite also has a well-ordered structure consisting of many stacked layers of
carbon atoms with interplanar spacing d002 of 0.3554 nm. Each carbon atom within
the graphene layers that make up the graphite structure is connected with three other
atoms of carbon, which form an arrangement within trigonal bonding. This will form
the hexagonal sheet structure of sp2 carbon atoms, which can extend to infinity in
two dimensions. Furthermore, when graphite is used as the anode in LIBs under
electrochemical reaction with lithium and there is a large amount of Li uptake due to
the intercalation in the carbon, then LiC6 will exhibit 372 mAh/g capacity [14, 36].
 Carbon nanotubes (CNTs)
Similarly, carbon nanotube (CNT) based anode in LIBs represents another type of
carbonaceous structure. Due to the unique structure and good properties of CNTs
they can attract Li insertion, but the higher energy barrier of CNTs, approximately
(10 V) prevents Li diffusion via their walls. In general, carbon nanotubes are of two
types, single-walled and multi-walled, designated as (SWCNTs) and (MWCNTs),
respectively. CNTs also have sp2 bonds similar to those of graphite, which are
stronger than the sp3 bonds that found between carbon layers in diamonds. This gives
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the molecules in CNTs unique strength. Certainly, the reversible capacity of multiwalled CNTs is around 145-400 mAh/g, while for single-walled CNTs, it is about
450 mAh/g. Also, carbon nanotubes generally have many defects on their walls due
to electrochemical etching and ball milling, which can improve the lithium
accommodation of single wall nanotubes to approximately 700-1000 mAh/g capacity
Thus, carbon nanotubes exhibit excellent characteristics for energy storage as in
lithium ion batteries [14, 37]. Nevertheless, CNTs suffer from high voltage
hysteresis, large irreversible capacity, high cost, and low density. Therefore, CNTs
cannot be used directly as a promising anode in lithium ion batteries. Rather, they are
combined with other active materials in order to improve the electrochemical
performance dramatically [38]. Although CNTs and graphite have excellent
electronic and mechanical properties that make them very attractive conductive
additives or matrix materials to host another electrode material, these materials are
not suitable for use as anode in lithium ion batteries [39, 40]. Thus, large efforts have
been undertaken by many researchers to find alternative materials with less
irreversible capacity loss and higher reversible capacity that can act as anode in
lithium-ion batteries to replace graphite [14, 41].
 Silicon
Lithium can react with many metals which could act as anode, such as silicon,
aluminium, manganese, and others, in order to achieve higher electrochemical
performance to give higher potential, higher volumetric capacity, and higher energy
density with lower cost [33, 42]. For instance, researchers have developed alloy
anodes for LIBs, such as the one containing silicon, which has high volumetric and
gravimetric capacities during the lithiation process to produceLi4.4 Si and can provide
capacity of 10- fold higher than that of graphite. Nevertheless, although the dense
alloy particles provide accommodation for Li ions, but this results in a large specific
volume change of the parent particles of dense alloy during the processes of lithiation
and delithiation of the silicon alloy anode electrode. Thus, a very large volume
change of approximately 300% will occur, leading to high strain propagation. As a
result, many cracks and collapses in the silicon anode will occur, resulting in reduced
electronic contact between in the silicon active particles and also a severe loss of
capacity during the first few cycles of discharge-charge reactions [33, 43]. Another
problem arising from silicon alloy anode is the sensitivity of silicon alloy towards the
binders that may be used in the electrode, such as sodium carboxymethyl cellulose
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(Na-CMC), although Hochgatterer et al. have demonstrated that the strong covalent
bonds that form between the binder and the silicon form will give more stable
structure over a long period of cycling [44]. Also, the use of styrene butadiene rubber
(SBR) as a binder with silicon anode will contribute to improving its' cycling
performance. The other binder that is used with silicon electrode is polyamide imide
(PAI). This binder has good mechanical properties such as high stiffness. The use of
such a binder increases the initial coloumbic efficiency for the LIBs through
improving the network of electronic and ionic conductive paths. In spite of fact that
the conductive polymer in PAI binder during the first charge reacts strongly with Li
ions and electrons, the capacity fading of Si will be alleviated dramatically.
Nevertheless, the conductive polymers that are used in silicon anode electrode leads
to lower initial irreversible capacity and thus limit the use of silicon metal as anode
in LIBs [14]. Recently, however, various methods have been applied in order to
overcome the problem of volume change of silicon anode during C-rate testing to
improve the electrochemical performance via designing different morphologies of Si
on the nanoscale or designing nanocomposites, such as Si nanospheres that are
prepared by the solvothermal method, or nanocomposites of one-dimensional Si
nanowires with conductive carbon that exhibit high power performance and long
cycle life in lithium ion batteries due to their higher storage capacity of 2000 mAh/g
and also their higher coulombic efficiency of 90%, as well as composites
incorporating other nanostructures [45].
 Titanium oxide
Titanium oxide is considered as an alternative promising candidate anode electrode
for lithium ion batteries. TiO2

has the advantages of lithium titanate

(Li4 Ti5 O12 ).TiO2 is a low toxicity material, and it also has the advantages of low
cost, safe operation, higher theoretical capacity of 335 mAh/g compared to graphite
(while lithium titanate has 175 mAh/g of theoretical capacity), ecofriendliness and
higher operating voltage than graphite, which has less than 1 V of operating voltage.
The electrochemical properties of TiO2 heavily depend on the morphology of
TiO2 particles [46]. Recently, there have been many reports on the electrochemical
performance of TiO2 polymorphs, the performance of which depends on many
criteria, such as the morphology, particles shape, method of TiO2 preparation, and
also the size of the TiO2 particles. In this regards, particles with large surface area
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and particles sizes smaller than 200 nm with highly porous structure and good
connection between titanium dioxide particles exhibit very high and stable
theoretical capacity. Also, the half-cell reaction of TiO2 and Li in the lithium ion
battery can be illustrated in Equation 2.6 as follows [17]:
Ti+4 O2 + Li+ + e− ↔ Lix Ti+3 x Ti+4 1−x O2 … x ≤ 1 ..2.6

Figure 2.4: Crystallographic representations of TiO2 (a) rutile, (b) anatase,(c)
brookite, and(d) bronze(B)TiO2 [17, 47].
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Also, TiO2 anode electrode exhibits the least or no expansion in its volume during
the process of lithiation. This results in high reversibility and good capability against
structural change during lithium insertion and extraction. These properties make the
titanate electrode a good LIB anode for long cycle life [14, 48]. In addition, titanium
dioxide has various polymorphic forms: rutile, bronze, columbite, baddeleyite,
hollandite, ramasdellite, and anatase. All of these polymorphs have octahedral TiO6 ,
as shown in Figure 2.4.
 Li4 Ti5 O12
Recently, Li-Ti-O nanocomposite oxides have attracted much attention from
researchers who want to use them as anode in lithium ion batteries (LIBs). This is
because of their large potential and their versatile phase composition [49, 50].
Generally, Li-Ti-O oxides come in four compounds, depending on the lithium to
titanium molar ratio. These include compounds such as ramasdellite (Li2 Ti3 O7 ),
Li2 TiO3 with (α, β, γ) phase, spinel structure Li4 Ti5 O12 , and Li4 TiO4 . Among these
compounds Li4 Ti5 O12 has recently received special attention. This results from its
potential application as anode electrode in lithium ion batteries. Li4 Ti5 O12 is
considered as a promising anode for LIBs due to its long cycling stability, which is
caused by the small lattice parameter variation during deep cycling at high C-rate
[51]. Li4 Ti5 O12 has many of outstanding properties such as a discharge platform in
around 1.55 V versus Li Li+, a theoretical capacity around 175 mAh/g, nearly zero
volumetric change during lithium ion insertion-extraction processes to ensure a long
service life time during cycling, and high thermal stability [52].

Figure 2.5: Crystal structure of Li4 Ti5 O12 [53].
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Lithium titanium oxides (Li4 Ti5 O12 , LTO) has a spinel structure with Ti+4 Ti+3 as
shown in Fig. 2.5. In this structure there are 32 e sites for oxygen atoms, and 5/6 of
the 16 d sites for Ti atoms, while the remaining16d sites are occupied by lithium
atoms, forming a stable framework of [Li1 Ti5 ]16d O4 . The tetrahedral positions
3

3

are occupied by Li atoms, while the octahedral 16𝑐 positions are empty. This
structure is known as[Li]8a [ Li1 Ti5 ]16d O4 , and has many useful properties when
3

3

used as anode compared to graphene. For example, it has good reversibility, but there
is no change in its structure during C-rate testing, and it has a stable operating
voltage around 1.55 V versus the Li-ion [54]. Nevertheless, the electronic structure
of Li4 Ti5 O12 (LTO) has empty states of Ti 3d band-gap energy of 2-3 eV.
Unfortunately, this electronic structure results in an insulating character inside this
material. Thus, the electronic structure of LTO has a negative effect on the
electrochemical performance of the material, especially at high current discharge rate
before any modifications occur in the material [55]. The synthesis method for LTO
greatly affects the charge-discharge capacity and cycling performance of this
material. Such methods include sol-gel synthesis, the solution based method, and
solid-state synthesis methods. The solid-state method, however, cannot provide good
morphology, particle size, or homogeneity for this material, which results in
insufficient electrochemical performance. The sol-gel method results in the material
having a cubic structural morphology with a small particles size distribution, and
uniform morphology of the LTO. Hence, LTO has a high initial discharge capacity
and good cycling properties [53]. Nevertheless, recently, the raw materials for this
synthesis method have included organic acid, which makes it a costly method. Even
so, this method is suitable for many practical applications. In addition, nanoscale
LTO material synthesized via the sol-gel method exhibits an initial capacity of 272
mAh/g in the range of 10-2.5 V. Hao et al.[56]. Li4 Ti5 O12 exhibits low lithium ionic
and electronic conductivity, and this results in degradation of the high rate capability.
The electrochemical performance of Li4 Ti5 O12 can be improved, however, by
doping, which can be explained by the interactions between the dopant and the
microstructure, so the microstructure can be affected by the type of dopant that is
added, which may be a source of cations or anions (Ni+3, Mn+2, Fe+3, Ga+3, Zr+4,
Mo+4, F, and Br- ) in titanium, lithium, or oxygen sites (19-32), there is incorporation
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of second phase with good electronic conductivity, which results in improving the
total conductivity. It can be demonstrated that the low conductivity and
electrochemical performance of Li4 Ti5 O12 can be improved by doping with many
ions, but this way of doping (LTO) has many disadvantages such that the effects of
partial doping are not obvious, and the many dopants methods may degrade the
cycling performance of (LTO). Thus, a good method to synthesize LTO in order to
improve the electrochemical performance and conductivity is surface modifications.
This method involves the surface treatment of the spinel structure of the Li4 Ti5 O12 ,
which can reduce the surface area in order to retard the side reactions between the
electrolyte and electrode and to further improve the electronic conductivity by
coating with many materials such as Cu, Ag, carbon, carbon nanotubes (CNTs), TiN,
SnO2 , and organic compounds. Also it can be demonstrated that the capacity of
coarse Li4 Ti5 O12 electrode powder at high discharge rates is much lower than for
fine powder due to the high polarization resistance resulting from bulk diffusion
properties [52, 57]. Thus, reducing the size of (LTO) particles can effectively shorten
the diffusion distance for both ions and electrons and also increase the surface area
for interfacial reactions. As a result, the polarization resistance that is associated with
both bulk diffusion and the surface reactions may be greatly reduced [52].

2.2.2

Cathode electrode in LIBs

The first type of cathode electrode that was used in secondary rechargeable lithium
ion batteries was generally LiCoO2 , which has a layered structure. The cathode
electrode lithium cobalt dioxide has many characteristics that influenced its'
electrochemical performance, such as a wide distribution of particles size, nonuniformity, and a non- homogeneous morphology. These properties can be achieved
by the solid- state reaction method. This method for the formation of LiCoO2 is very
cheap and simple, and takes place via the reaction of lithium precursor and Co3 O4
under specific conditions of insufficient mixing and high calcinations temperature at
850-900 ̊C over many hours. Also, there are many alternative methods to prepare
LiCoO2 , such as the sol-gel method, which can produce LiCoO2 on the micrometer
scale [29, 58]. LiCoO2 has many disadvantages, however, such as relatively unsafe
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operation, toxicity and high cost. Thus, it is unsuitable for large-scale energy storage
application [58].
In recent years, many alternative cathode materials have been used in LIBs instead of
the first cathode material (LiCoO2 ), such as LiMnxNiyO2 , LiNixCoyAlzO2 , and
LiMnxCoyO2 . These types of cathode materials are compounds with layered
hexagonal structure and space group (R3m) based on structure of α-NaFeO2 .
Different metals can be substituted into this structure such as, Al, Li, Co, Ni, Mn, and
Cr, which can affect the electronic conductivity, the order of layers, the stability
during the delithiation process, and the cycling performance [14, 23, 59].Moreover,
considerable research has been done to decrease the cost and enhance the stability of
the structure within the layered compounds. Significantly, the order of metals
according to their cost, ability to give a more stable structure, and also their supports
for transportation of the transition metal to the lithium sites is Co > Ni >Mn . In
addition, in recent years, researchers have used many cathode materials in lithium
ion batteries that have capacities lower than 180 Ah/kg, together with long cycling
performance and long service life [14]. The safe operation requirement is still
unsatisfied for their application in LIBs because most of these electrodes are
thermally unstable during battery overcharge. Moreover, another alternative cathode
that was discovered by Thackeray et al. is LiMn2 O2 with the spinel structure. It has a
high voltage of more than 4.0 V vs. lithium and capacity around 10% lower than the
capacity of LiCoO2 . Also, electrode materials that have the spinel structure can
provide a three-dimensional lattice for lithium ion diffusion with

space group

(Fd3m), in which Li-ions can occupy tetrahedral sites (8a), while transition metals
occupy octahedral sites (16d).This spinel lattice has empty sites at (8a, 48f)
tetrahedral and (16c) octahedral sites. This results from its cubic structure. Such a
structure is observed in many cathode electrode materials such as LiMO4 (M= Mn, V,
Ti) [60, 61]. Furthermore, during discharge of Lix Mn2 O4 cells at (4 V) vs. lithium
(where0 ≤ x≤1) and (3V) vs. lithium (where1 ≤ x≤2). It can be clearly seen that
reduction and oxidation reactions at (4 V) are more stable on discharge than the
redox reaction at (3 V) discharge. This is because the cubic crystal symmetry in the
spinel structure of Lix Mn2 O4 can be maintained at (4 V) discharge to permit the
electrode to expand and isotropically contract during the process of insertion and
extraction of lithium ions, while at (3 V) the lithium ions are inserted into Lix Mn2 O4 ,
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and the valence state of Mn decreases to lower than 3.5. Interestingly, the Jahn-Teller
distortion transforms the crystal symmetry of Li2 Mn2 O4 from cubic to tetragonal
symmetry with space group(141 /amd).This is associated with an increase in the
ratio of c\a of around 16%. Thus, Li2 Mn2 O4 during cycling can maintain a very high
degree of integrity in its structure. Even though there is more stable cycling that
occurs at overvoltage (4 V) vs. lithium and high capacity, there is a rapid rate loss of
capacity that occurs at higher voltage values [61-63].
Moreover, although Li2 Mn2 O4 cathode is cheaper and safer than LiCoO2 [61], at
higher than ambient temperature lithium manganese spinel can dissolve into the
electrolyte during deep cycling in lithium cells. This serious phenomenon results in
reduced cycle life of the lithium cell and capacity loss. Capacity loss also results
from changes in the morphology of lithium manganese particles. Accordingly, the
use of this cathode in energy storage is limited [64, 65].
Thus, further research is needed to find alternative cathode electrodes for LIBs. For
instance, in the later 1990s Padhi et al. suggested olivine structured of lithium iron
phosphate LiFePO4 with space group (Pnma) as an alternative electrode for LIBs.
Even though this positive electrode has a very low voltage (3.45 V vs.Li+\Li), it has
a very high capacity of 170 mAh/g when compared with LiCoO2 . Similarly, because
there is a transition between two phases (LiFePO4 /FePO4 ), diffusion pathways of
lithium ions will be along the (010) direction and the surface potential will be at the
higher voltage of 3.5 V vs.Li/Li+ compared with iron based-cathode electrodes [66,
67]. Also, the olivine structure as shown in Figure 2.6 based cathode electrode in
LIBs, as shown in Figure 2.6, not only has lower cost and a lower impact on the
environment, but also has a stable structure which permits long cycling of Li-ions
during insertion and extraction. In addition, the LiFePO4 electrode is thermally stable
because of quite strong covalent bonds between the iron and oxygen atoms that
prevent release of the oxygen atoms, which may cause fires due to increased
temperature during the reaction. In contrast, the lithium iron phosphate basedcathode electrodes in LIBs have low ionic and electronic conductivity .This has led
to the introduction of nanostructured LiFePO4 based cathode electrode in order to
improve the

electrochemical performance of the olivine-structure, as shown in

Figure 2.7, making this electrode a commercial success in recent years as cathode in
LIBs [14].
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Figure 2.6: Olivine crystal structure of (LiMPO4 ) based cathode in LIBs [68]

Figure 2.7: Orthorhombic structure of (LiFePO4 ) and (FePO4 ) trigonal structure [30,
41].

2.2.3

Electrolyte

Generally, the electrolyte is specially designed for a specific battery system and can
be an inorganic solid, a liquid, a solid polymer, or a gel. The most common
electrolytes that are used in LIBs are the liquid electrolytes, which contain a lithium
salt such as LiPF4 , LiBC4 O8 , LiBF4 , or LiBC4 O8 (LiBOB). These electrolytes can
dissolve in a mixture of organic solvent such as alkyl carbonate (AC). In the present
situation, however, there are many hazardous events that result from using
flammable organic electrolyte solvents in LIBs, such as higher heat-generation, fire
and unstable thermal effects, and also higher cost, other reasons that may limit the
use of this type of electrolyte in small electronic portable applications. In particular,
many additives have been used such as vinylene carbonate (VC) in order to gain a
more stable electrolyte and electrode interface [14]. Carbonates are organic liquid
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electrolytes that considered good solvents and are the most common electrolytes,
which can be used with lithium salts in LIBs at a potential of 4.7 V for an oxidation
reaction and approximately 1.0 V vs. Li+/Li potential for a reduction reaction. With
this in mind, carbonates electrolytes have one or more of the following components:
Propylene carbonate (PC), diethyl carbonate (DEC), ethylene carbonate (EC),
dimethyl carbonate (DMC) and ethyl methyl carbonate (EMC) [69]. In the case of
the carbonate–based solvents in LIBs which contain ethylene carbonate, when
graphite is used as the anode electrode, it can be seen that the reduction reaction of
carbonate occurs at very low potential vs.Li+/Li . Also, propylene carbonate (PC)
has a higher dielectric constant than other members of the carbonate family, but this
solvent has a higher melting point than other carbonates, so, its use is limited in
lithium ion batteries [70, 71]. Also, in early 1964, Elliot discovered that ethylene
carbonate has a higher dielectric constant and lower viscosity. Thus, it has high ionic
conductivity [72]. Ethylene carbonate co-solvent electrolyte is better than PC
electrolyte, not only due to its good ionic conductivity, but also due to its low
polarization on the surface of various cathode electrodes [73]. Also, the presence of
ethylene carbonate (EC) helps the formation of a passivating layer of solid
electrolyte interphase on the surface of the carbonaceous anode to protect the
electrolyte from possible decomposition that may occur after formation of the SEI
layer [72, 73]. In addition, the concentration of electrolyte salts such as LiPF4 that
can be used as additives to carbonate-solvent-based electrolytes such as (EC) and
(EMC) in lithium ion batteries affects the number of free ions. As the concentration
decreases to lower than (1.0 M), this leads to an increase in the number of free ions.
In contrast, increasing the salt electrolyte content leads to reduced free ions
concentration and mobility. Thus, the agglomeration of free ions and the viscosity
increase with increasing salt in the electrolyte. This results in higher ionic
conductivity, depending on the temperature and the dielectric constant of the
solvents. As the temperature increases, the viscosity of the salt in the solvent
decreases, while the conductivity increases [74]. Recent studies have investigated the
mechanism behind the formation of the solid electrolyte interphase (SEI). Besenhard
noted that the SEI precursor has the formula(Li(solvent)x Cy ), which refers to
ternary graphite intercalation compounds (GIC) due to decomposition of the solvent
at the edge sites of graphite planes. Also, this mechanism, which involves the
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cathodic polarization of graphite anode, is followed by transformation of lithium ions
at (1 V_0.80 V) before any reduction reaction occurs at the graphite anode. Insertion
into graphene layers then occurs, and ternary (GIC) is produced. In this scenario, the
solid electrolyte interphase is formed upon the basis of this mechanism [75, 76]. As
shown in Figure 2.8, the mechanism behind the formation of the SEI takes place
through the decomposition of solvent electrolyte.

Figure 2.8: Schematic diagram showing mechanism of the formation of the SEI
through the decomposition of 𝐋𝐢(𝐬𝐨𝐥𝐯𝐞𝐧𝐭)𝐱 𝐂𝐲 [72].
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Generally, any electrolyte is designed to satisfy the major battery applications. Also,
Table 2.3: lists the different types of non-aqueous electrolytes that are used in
lithium ion batteries, as well as their various characteristics.
Table2.3: Different types of non-aqueous electrolytes for lithium ion batteries [77].

2.3

Iron oxide – based nanostructure as anode in LIBs

In general, several approaches have been established for the design and development
of novel anodes that are environmentally friendly with high electrochemical
performance at high rates of cycling and have discharge mechanisms of lithium ions
in lithium ion batteries that would be applicable to many types of electrical vehicles.
These involve the control of the morphology of the anode electrode by adopting
numerous nanotechnologies via several methods in order to modify the surface of the
anode so as to achieve many goals, such as better providing short path ways for
lithium ion diffusion, increasing electron transfer rates, and increasing the surface
contact between electrode and electrolyte. Hence, much more effort has been
expended in recent years to increase the rate of ion transportation in lithium ion
batteries to achieve such goals as those mentioned above [78]. Therefore, the use of
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the transition metal iron in the form of iron oxide has been adopted in different
morphologies as anode in lithium ion batteries, in such forms as nanorods,
nanowires, nanoparticles, and other nanostructures, to achieve such goals.

2.3.1

Nanorods as anode in LIBs

Generally, the use of nanostructured materials as anode in LIBs has many significant
advantages. They allow good accommodation for the large strains that are generated
due to lithium intercalation, and they can provide shorter pathways for diffusion of
lithium ions during the insertion and deinsertion [79]. Also, they provide a large
contact area between the electrolyte and electrode. Thus, in order to improve the
electrochemical

performance

of

lithium

ion

batteries,

iron

oxide

based

nanostructured materials can be used [80]. For instance, Wu et al. In 2006 made the
first report involving α-Fe2 O3 based nanorods as an anode material for LIBs. They
also demonstrated that the capacities during charge and discharge in LIBs are largely
dependent on the morphology of the α-Fe2 O3 nanorods, as shown in Figure 2.9[81].

Figure 2.9: Cycling performance of hematite nanorod electrode [82].
Furthermore, the significance of nanostructured materials as anode in lithium ion
batteries can be examined via many methods such as scanning electron microscopy
(SEM).
The nanorod structure of hematite particles can also be examined by SEM both
before doing any electrochemical examination and after cycling, as shown in Figure
2.10 (a,b):
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Figure 2.10: Nanorodstructured hematite particles (a) The fresh nanorod particles of
α-Fe2 O3 , (b) after 100 cycles at the 0.5 C-rate [82].
As can be observed, after 100 cycles at the 0.5 C rates the nanorods particles keep
their morphology and can accommodate the strain that is generated during the
processes of lithiation and delithiation. During the lithiation, the solid electrolyte
interphase can be formed on the surface of the nanorod particles, as shown in Figure
2.10 (b), while the large particles of hematite change their morphology after cycling
and decompose, which leads to low reversible capacity and thus poor
electrochemical performance.
Moreover, the electrochemical performance of α-Fe2 O3 can be illustrated for
different numbers of cycles after the initial charge and discharges. Whereas during
the initial discharge, the α-Fe2 O3 exhibits the first overvoltage at 1.6 V vs. Li/Li+,
the voltage then smoothly decreases to 1 V. This occurs when the lithium insertion in
the α-Fe2 O3 nanorods leads to the formation of Lix Fe2 O3 [83]. The second over
voltage at 0.87 V exhibits the reduction reaction of Fe+3 to Fe0 .
The α-Fe2 O3 nanorods have the capacity of 1191 mAh/g during the first discharge
and 908 mAh/g capacity during the first charge. Also, the α-Fe2 O3 nanorod electrode
exhibits lower loss in irreversible capacity, 282 mAh/g, compared to the irreversible
capacity loss of iron-oxide-based nanoparticles, which is higher than 1000 mAh/g.
The capacity of the α- Fe2 O3 nanorod electrode is stable at 930 mAh/g after the first
cycles, and during the first five cycles there is no fading of the capacity, as can be
observed in Figure 2.11. Moreover, the initial irreversible capacity loss during the
first insertion of lithium is caused by the solid electrolyte interphase on the surface of
the iron oxide. The formation of the SEI is considered undesirable when using the
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nanostructured material because the higher interfacial area may lead to higher
irreversible side reactions that can form SEI [84]. Nevertheless, α-Fe2 O3 nanorod
electrode with its one dimensional nanostructure has a small nanorod diameter of
approximately 40 nm, which can increase the diffusion of lithium ions, while it
provides only a very small surface area that can decrease the side reactions that can
form the solid electrolyte interphase. This morphology can also accommodate the
large strain that results from volume expansion during the processes of lithiation and
delithiation. Furthermore, the hematite iron-oxide-based nanorods at the 0.2 C-rate
have high initial reversible capacity of 908 mAh/g and of 837 mAh/g at the 0.5 Crate, as shown in Figure 2.11[82].

Figure 2.11: Electrochemical performance of α-Fe2 O3 nanorods based anode
compared with electrodes with submicron and micron sized α-Fe2 O3 particles for the
first five cycles during discharge and charge at the 0.2 C-rate [82].
2.3.2

Nanoparticles as anode in LIBs

In general, the increasing demand for higher power and energy density batteries has
motivated researchers to try to replace graphitic anodes with theoretical capacity of
372 mAh/g with another type of anodes with high specific capacity, such as
transition metal oxides that have reversible capacity between 600 mAh/g and 1000
mAh/g [85] Fe3 O4 iron oxide, however, which has higher electronic conductivity
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of about ( 2× 104 S m), and higher specific capacity, while also being inexpensive
and environmentally friendly, is therefore considered better than other transition
metal oxides [86, 87].In addition, although Fe3 O4 is considered a good transition
metal oxide that transforms from an oxide to metallic iron when used as an active
anode material, it may exhibit volume changes that can degrade it, and it also
exhibits poor performance during cycling and a rapidly fading rate capacity during
charge and discharge cycling [88].Thus, in recent years, the challenge to researchers
has been to improve the transition metal oxides such iron oxide via the design of
nanostructured materials, such as iron oxide nanoparticles, to make them suitable as
anode for the lithium ion battery [89]. The crystallinity of Fe2 O3 nanoparticles can
be examined by TEM, as shown in Figure 2.12:

Figure 2.12: TEM image showing the crystallinity of Fe2 O3 nanoparticles [90].
It can be seen from Fig.2.13 that the iron oxide particles have a uniform and porous
structure that plays an important role in LIBs. The performance of micrometer size
particles of α- Fe2 O3 as electrode before and after cycling can be observed by SEM
examination, as shown in Figure 2.13(a ,b):

Figure 2.13: (a) Pristine α-Fe2 O3 electrode with micrometer-sized particles, (b)
hematite particles after 100cycles at the 0.5 C rate [82].
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As can be seen from Figure 2.13(a) the particles of α-Fe2 O3 are surrounded by
conductive carbon particles. Also, it is clear that these particles were exposed to
pulverization during cycling and exhibited poor electrical performance on the interior
and exterior of the α- Fe2 O3 . The poor electrical performance of the large hematite
particles becomes obvious from the images before and after cycling. This is because
of the changes in the morphology of the micrometer size particles, as shown in
Figure 2.13 (b).
The electrochemical performance of magnetite (Fe3 O4 ) iron-oxide based
nanoparticles can be illustrated during the initial charge–discharge between the
potentials of 3.00 V and 0.01V at several current densities (100,500 and 100 mA/g),
as shown in Figure 2.14.
It can be seen from Figure 2.14(a) that at current density of 100 mA/g, the first
charge capacity is 1286 mAh/g, and the discharge capacity is 1706 mAh/g, while at
500 mA/g the discharge capacity is 1606 mAh/g and the initial discharge capacity is
1245 mAh/g. At 1000 mA/g the discharge and charge capacities are 1577 and 1209
mAh/g, respectively. Thus, it can be observed that the discharge capacity is
significantly decreased when the current density increases. Also, it can be observed
during the first cycle that there is little loss from- irreversible capacity because of
irreversible electrolyte decomposition and the formation of solid electrolyte
interphase on the surface of the electrode [83]. It can be seen from Figure 2.14 (a)
that at current density of 100 mA/g, the first charge capacity is 1286 mAh/g, and the
discharge capacity is 1706 mAh/g, while at 500 mA/g the discharge capacity is 1606
mAh/g and the initial capacity is 1245 mAh/g. At 1000 mA/g the discharge and
charge capacities are 1577 and 1209 mAh/g, respectively. Thus, it can be observed
that the discharge capacity is significantly decreased when the current density
increases. Also, it can be observed during the first cycle that there is little loss from
irreversible capacity because of irreversible electrolyte decomposition and the
formation of solid electrolyte interphase on the surface of the electrode [83].
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Figure 2.14:(a) Initial galvanostatic charge–discharge curves of Fe3 O4 nanoparticles
at 100,500, and1000 mA/g (b)rate performance of Fe3 O4 electrode(100-1000 mA/g)
(c) cycling performance of Fe3 O4 –based nanoparticles as anode in LIBs at 100,500
and 1000 mA/g current densities [90].
Moreover, the electrochemical performance includes the rate capability of Fe3 O4
nanoparticles, as shown in Figure 2.14 (b).It can be demonstrated from this Figure
that there is not significant fading in the rate capacity during the first five cycles.
Also, it can be observed that the reversible capacity is reduced slowly as the current
density increases. The specific capacity at the high current density of 1000 mA/g is
still more than 450 mAh/g, and it can increase up to 750 mAh/g as the current
density decreases to 100 mA/g. In addition, further evaluation of the long cycle life
performance of Fe3 O4 -based nanoparticles as anode in LIBs at various current
densities is shown in Figure 2.14(c). It can be seen that the Fe3 O4 nanoparticles at
100 mA/g have higher retention efficiency, with stable capacity of 1009 mAh/g after
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230 cycles [91]. After 230 cycles, the charge capacity of the Fe3 O4 nanoparticles is
three times more than the reversible capacity of graphite. The coulombic efficiency is
still

more

than

97%.

Furthermore,

the

excellent

capacity retention

of

mesoporous Fe3 O4 nanoparticles can be attributed to the higher electroactive surface
area of Fe3 O4 nanoparticles, which leads to increased contact between the electrolyte
and electrode, contributing to increased electron transport and accommodating the
volume expansion during charge-discharge processes. Thus, the Fe3 O4 nanoparticles
are considered as a promising higher capacity anode material that can be used for
next generation LIBs [90].
2.3.3

Nanowiers or nanofibers as anode in LIBs

Currently, there are many transition metals that can be used as anode instead of
commercial graphite in lithium ion batteries [92]. The crystal structure of α- Fe2 O3
nanowires can be examined by XRD as shown in Figure 2.15.It can be demonstrated
from the XRD pattern that α- Fe2 O3 after annealing at 500 ◦C has a rehombohedral
single-phase crystal structure.

Figure 2.15: XRD pattern of α-phase iron oxide nanowires
[93].
In addition, the microstructure of α− Fe2 O3 nanowires at high and low
magnification is shown in the TEM image Figure 2.16.
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Figure 2.16: TEM images of Fe2 O3 nanowires at (a) low magnification, with the
inset showing the corresponding SAED pattern, (b) high magnification TEM image
of a single nanowires, with the inset showing a high resolution TEM (HRTEM)
image [93].
As can be seen from Figure 2.16 (a) at the low magnification of 20×, the Fe2 O3
nanowires have good connections with each other when they run in the same
direction, and this is also indicated by the inset selected area electron diffraction
pattern (SAED) of Fe2 O3 . It can be observed that every ring from the various lattice
planes that are represented by the electron diffraction can be fully attributed to the
rhombohedral crystal structure. The TEM image in Figure 2.16(b) reveals the
structure of a single Fe2 O3 nanowire at the high magnification of 100×. It can be seen
that the single nanowire exhibits polycrystalline structure and has a width of
approximately 20 nm, while the ratio of the length to the diameter is equal to 500,
which is a very high ratio. The high resolution TEM image in the inset reveals the
microstructure of the individual grains in the single nanowire, which has a
polycrystalline structure, with 0.37 nm spacing between the lattice planes. The
nanowires also have a high specific area of 152 m2 g-1, which can play a key role in
providing more active sites for lithium ion transport [93].
In addition, good properties can be achieved in transition metal oxides when they are
used as anode in lithium ion batteries in nanoscale form, as with Fe2 O3 iron oxide in
one-dimensional structures such as nanowires. Nanostructured electrodes provide
short pathways for lithium ions diffusion and can have higher kinetics during the
processes of insertion and extraction of lithium ions .Thus, α- Fe2 O3 nanowires have
good electrochemical performance, such as higher capacity than the capacity of
graphite [93].The α-Fe2 O3 nanowires have the initial discharge capacity of 1303
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mAh/g higher than their theoretical capacity, and also after 100 cycles, α− Fe2 O3
nanowires have higher discharge capacity retention of 456 mAh/g than in bulk form.
The electrochemical performance of α-Fe2 O3 nanowires can be illustrated by the
cyclic voltammograms (CV curves) of the first three cycles in the range of 0.01-3 V,
as shown in Figure 2.17(a). Also, the capacity performance of Fe2 O3 during in the
charge-discharge curves for the first cycle is shown in the inset to Figure 2.17(b).

Figure 2.17: CV curves of the first three cycles for Fe2 O3 nanowires as anode in
lithium ion batteries (a) cycling performance over 100 cycles (b), with the inset
showing the capacity performance of Fe2 O3 nanowires during charge-discharge for
the first cycle [93].
It can be seen from Figure 2.17 that there is a spiky cathodic peak at 0.62 V, which
appears in the first cycle at the scanning rate of 0.5 mV/s. This marks the transition
of iron from Fe+3 to Fe0 during the reduction reaction. This process is associated
with the decomposition of electrolyte and also associated with the reversible
conversion reaction of lithium ions in order to form Li2 O. There is also an anodic
peak that appears at 1.75 V, and this peak represents the oxidation reaction
of Fe0 to Fe+3 . Then, during cycling, the potentials of both the cathodic and anodic
peaks change to 0.68 and 1.75 V, respectively. Also, the current peak and the
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integrated area of the oxidation process at the anodic peak will decrease. This
indicates the capacity loss during the processes of charge and discharge for many
reasons related to the formation of solid electrolyte interphase from the
decomposition of electrolyte. In addition, the large surface energy of

Fe2 O3

nanowires leads to irreversible loss of capacity through the decomposition of
electrolyte [93].

Figure 2.18: FESEM images of Fe(acac)𝟑 composite fibers, a) at higher
magnification rate and at a low magnification rate (inset),(b) highly magnified αFe2 O3 nanofibers with hollow structure and corresponding low magnification
inset,(c)TEM images of α-Fe2 O3 nanofibers, showings hollow structure[96].
In particular, it can be seen from the inset to Fig.2.18 that in the Fe2 O3 nanowires,
charge and discharge over-voltage appears at 1.76 and 0.78 V, respectively. Also,
the Fe2 O3 nanowires have higher initial discharge capacity of 1303 mAh/g than the
theoretical capacity of the bulk Fe2 O3 at about 1005 mAh/g. During the second and
third cycles, the initial charge capacity of the iron oxide nanowires is 947 mAh/g,
with initial coulombic efficiency of 72.7%. It can be demonstrated that after 100
cycles, the capacities of Fe2 O3 nanowires during discharge and charge can reach 436
mAh/g and 456 mAh/g, with capacity retention of 44.8% and 35.3%, respectively.
The Fe2 O3 nanowires have more active sites for lithium-ion insertion-extraction, and
also, the one-dimensional nanowires can provide short pathways for lithium ion
diffusion. In an ideal case, Fe2 O3 nanowires have higher capacity than graphite
anodeat 372 mAh/g and have better electrochemical performance than bulk α- Fe2 O3
according to the previous studies [94]. In particular, iron oxide materials often have
poor electrical conductivity and poor capacity retention in cycling due to volume
39

expansion and the formation of unstable solid electrolyte interphase, particularly at
high current density [95]. In addition, to solve these problems, which have been the
focus of intensive research, some researchers have applied iron oxide based
composites as attractive anode materials in lithium ion batteries, while other
researchers have applied iron oxide in different nanostructures. The morphology of
the composite fibers surface after calcinations at 500 ◦C can be observed from Figure
2.18(a), while Fig.2.18 (b) clearly shows that the α-Fe2 O3 nanofibers formed after
calcinations have a hollow structure. This hollow structure is confirmed by TEM, as
shown in Figure 2.18(c) [96].

a)

Figure 2.19: (a) Cyclic voltammograms of the α-Fe2 O3 –based nanofibers electrode
for selected cycles; (b) cyclicing performance of α-Fe2 O3 nanofibers at current
density of 60 mA/g; (c) rate capability of α-Fe2 O3 nanofibers at different C-rates at
different current densities [96].
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The electrochemical performance of α- Fe2 O3 based nanofibers as anode in the
lithium ion battery can be evaluated by cyclic voltammetry during charge-discharge
as shown in Figure 2.19(a).Furthermore, it can be seen from Fig. 2.19(a) that during
the first cycle three cathodic peaks appear ( I at 1.61 V ,II at 0.97 V, and III at 0.68
V). As can be seen at the 1.61 V cathodic peak, small amounts of lithium ions can be
inserted into the crystal structure of α- Fe2 O3 nanofibers without causing any
significant change in the hollow structure, as is illustrated by the following equation:
𝛼 − Fe2 O3 + xLi+ + xe− → α − Lix Fe2 O3 ………...2.7
At the second cathodic peak at 0.97 V, there is a transformation of the hexagonal
structure of 𝛼 − Lix Fe2 O3 to the cubic structure of Li2 Fe2 O3 , as shown in the
following Equation 2.8:
α − Lix Fe2 O3 + 2 − x Li+ + (2 − x)e− → Li2 Fe2 O3 (Cubic)…….2.8
Then, the reduction reaction is completed at the third peak by electrolyte
decomposition and the conversion reaction of Fe (III) to Fe0 , as shown in the
following Equation 2.9[96].
Li2 Fe2 O3 (cubic)+4Li+ + 4e− ↔ 2Fe0 + 3Li2 O…….2.9
Two anodic peaks appear at 1.7 V and 1.85 V, where the oxidation reaction occurs
through enhancing the valence state of Fe (0) to Fe (II), then to Fe (III). Also the
insertion of lithium and the conversion from the hexagonal to the cubic structure are
irreversible processes that occur during the second reduction reaction when the two
cathodic peaks at 1.61 V and 0.97 V disappear. While, it is often observed that as the
number of cycles increases, the intensity of the peaks is reduced, which is related to
the decreasing capacity during cycling, in the case of Fe2 O3 , after the second cycle,
all the peaks keep the same intensity, which indicates increased stability during the
processes of delithiation and lithiation. The cycling performance of αFe2 O3 nanofibers is also shown in Figure 2.19(b), where it can be seen that the αFe2 O3 the nanofibers exhibit excellent cycling performance at the current density of
60 mA/g and C-rate of 0.06 C, with highly stable capacity of 1293 mAh/g after 40
cycles [96, 97]. Moreover, a good rate capability is considered an important
requirement for the lithium ion battery in order to provide for high energy and high
power applications, such as electric vehicle and hybrid electric vehicles. Showing
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their suitability for such demands, the α-Fe2 O3 nanofibers exhibit high rate capability
under rate capability testing, as shown in Figure 2.19(c), which displays the rate
capability of α-Fe2 O3 nanofibers during discharge-charge at C- rates from 0.2 to 0.8
and at different current densities ( 200,400, and 800 mA/g) over ten cycles. As can
be observed there is a significant drop in capacity after switching from a very low
current density to a very high current density, due to the polarization of a limited
concentration of lithium ions within the hollow structures of iron oxide nanofibers,
which is caused by the limited diffusion of the lithium ions. This results in excellent
rate capability for the α−Fe2 O3 nanofibers, and the capacity is very high, about 1001
mAh/g, up to a high current density and the high C- rate of 0.8 C. Then, when the
system goes back to the initial current density and C- rate of 0.2 C, the electrode
returns to its original capacity, so that the specific capacity is confirmed over high
rates and high number of cycles. This demonstrates how the nanofibers based anode
in the lithium ion battery exhibits excellent rate capability, because this nanostructure
of α-Fe2 O3 nanofibers, has high surface area between the electrode and electrolyte,
and can provide short pathways for lithium ion diffusion and electronic
transportation within the lithium battery cell [96]. The good electrochemical
performance of the α-Fe2 O3 nanofibers could also be due totheir one-dimensional
hollow structure [98]. In particular, the α-Fe2 O3 based nanofibers are considered to
have potential as a high capacity anode material for next-generation lithium ion
batteries because they have high reversible capacity of 1293 mAh/g at the high rate
of current density of 60 mA/g with very high stability and excellent rate capability
[96].
2.3.4

Nanotubes as high performance anode in lithium ion batteries

Currently, there are a variety of inorganic nanotubes with one-dimensional structure
[99].Generally, one of the most important issues in a wide variety of onedimensional nanostructured materials, such as nanowires, nanotubes, and others, is
strong bonding between the nanomaterials and their substrates. This strong bond
gives the nanostructured materials a more stable structure, which leads to higher
efficiency, and long service life of nanomaterials-based energy generation devices
[100]. This type of stable structure has attracted the particular attention of researches
in recent years due to the special physicochemical properties that are related to this
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type of good structure, which can provide high surface area, high porosity, and
cavities in hollow structures [101].Thus, nanotubes with stable structure can be
utilized in many applications such as energy storage and biomedicine due to their
higher strength [102, 103], chemical stability [104], high thermal conductivity, and
high efficiency of ionic and electronic conductivity [105, 106]. Interestingly, there
are several strategies that are being applied currently to the synthesis of iron oxide–
based nanotube arrays as hematite α-Fe2 O3 and magnetite Fe3 O4 , such as the use of
sacrificial templates of ZnO nanowire that can be dissolved by acid, which is
produced from the precursor of Fe+3 hydrolysis. The dissolution of the ZnO template
can accelerate the hydrolysis of Fe+3 in order to form the nanotubes structure, as
shown in Figure 2.20(a):

Figure 2.20: (a) Schematic diagram of formation process of iron oxide nanotube
arrays, (b)XRD patterns show the stages of formation of α-Fe2 O3 nanotube arrays;
(A) ZnO nanowires pattern after immersion for 30 min in Fe+3 solution; (B)
formation of Fe(OH)𝟑 nanotube array; (C)formation of α-Fe2 O3 nanotube arrays;
(D) formation of Fe3 O4 nanotube array [102].
The synthetic strategy for formation of iron oxide –based nanotubes with higher
surface area and higher reversible energy storage in LIBs can be observed
43

schematically in Fig. 2.20(a) [102]. Moreover, the stage of formation of α-Fe2 O3
can be demonstrated as follows from the XRD patterns [Fig.2.20(b)]:
1) The crystallinity and orientation of the nanowire particles that belong to the
alloy substrate of zinc oxide are decreased dramatically after 30 min of ZnO
nanowires immersion in the Fe+3 solution, as shown in (XRD) patterns A in
Figure 2.20(b). The star symbols on some peaks come from the alloy foil
[107].
2) During the immersion of ZnO nanowires for a long time in solution the peaks
of ZnO nanowires decrease gradually, and finally, they disappear, while at
the same time, the formation of an amorphous Fe(OH)3 nanotube arrays
occurs with a high characteristic peak, as shown in pattern B in Figure
2.20(b).
3) After the calcinations at 450 °C under atmospheric pressure, the Fe(OH)3
nanotube arrays will be transformed to arrays of α-Fe2 O3 nanotubes as shown
in pattern C in Figure 2.20(b) [102].
Furthermore, the morphology of the α-Fe2 O3 nanotube arrays during fabrication
on alloy substrate can be demonstrated by many methods, such as scanning
electron microscopy (SEM) and transmission electron microscopy(TEM), as
shown in Figure 2.21(b-d). Figure 2.21(a) presents the Raman spectrum of a
pure phase α-Fe2 O3 nanotube array. It can be seen from the SEM images in
Figure 2.21(b,c) that the nanotubes consist of many columns with closed tips that
are agglomerated from a huge number of nanoparticles with about 200 nm to 300
nm diameter on the outer shell. Also, it can be clearly seen from the inset image
in Figure 2.21(b) that the arrays are homogenously distributed over the high
surface area of about 30 cm2 of alloy substrate with strong adhesion. In addition,
it is clear the tubes have random walls, as shown in Figure 2.21(d), while from
the selected area electron diffraction (SAED) pattern, it can be determined that
the α-Fe2 O3 nanotubes have polycrystalline structure [102].
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Figure 2.21:(a) Raman spectrum of α-Fe2 O3 nanotube array;( b) SEM image at low
magnification and optical image(inset) of the array on a large area alloy substrate; (c)
SEM image of the array at high magnification; (d) TEM image and corresponding
SAED pattern (inset) of several alpha iron oxide nanotubes [102].

The good cycling performance can be studied and compared with that of C/α−Fe2 O3
based composite electrode as anode in lithium ion batteries, as shown in Figure2.22
(a). In this regards, it can be clearly seen that during the initial discharge, the C/αFe2 O3 nanotube has two reduction peaks at 1.5 and 0.71 V, which are clearer in the
differential capacity vs. voltage. During the charge process, the anodic peak appears
at 1.74 V, which corresponds to the oxidation reaction of Fe0 to Fe+3 . The presence
of carbon, which has a very low capacity of 372 mAh/g leads to reduced capacity in
the C/α-Fe2 O3 nanotube arrays. In Figure 2.22(a), it the different cycling
performances of the C/α-Fe2 O3 nanotube and the α-Fe2 O3 up to 150 cycles can be
clearly observed. It is also demonstrated that C/α-Fe2 O3 nanotube array has good
cyclability. Although the capacity decreases dramatically over the first 20 cycles, it is
stable at 60 cycles with capacity of 700 mAh/g, but then, after 150 cycles, there is a
high reversible capacity of 659 mAh/g with a low fading rate of 0.586 mAh/g for
each cycle during the last 70 cycles. Nevertheless, the capacity of the α-Fe2 O3
nanotube array is reduced dramatically, and just 384 mAh/g can be retained in the
final cycle. The reversible capacities of the α-Fe2 O3 nanotube and C/α-Fe2 O3
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nanotube array electrodes are presented in Figure 2.22(a-b).Moreover, it can be
observed from Figure 2.22(b) that after the 50 and 150th cycles at C-rate of 1.5 C,
the C/α-Fe2 O3 nanotube array retains a reversible capacity of 523 mAh/g and 463
mAh/g, respectively. There are also capacities of 457 mAh/g and 351 mAh/g after
50 and 150 cycles, respectively, at the high rate of 3 C, which is considered better
than the capacity of commercial graphite anode. The α-Fe2 O3 nanotube array has
capacities of 327 mAh/g and 193 mAh/g at the high C- rate of 1.5 C after 50 and
150 cycles, respectively. Interestingly, this provides a better understanding of the
importance of the nanotubes array structure in the lithium battery for good energy
storage [102]. Moreover, it can be concluded that the good structure of the αFe2 O3 nanotubes with high porosity of the tube walls can play a vital role in
achieving higher cycling stability than other nanostructured materials, and a lower
percentage of capacity fading than the initial values at 40 cycles of around 50% [80,
108, 109]. This occurs for many reasons a) high lithium ion diffusion, b) larger
contact area between electrode and electrolyte, c) high porosity that can provide
better accommodation for large volume change during insertion and extraction of
lithium ions, and d) higher alignment of nanotubes on the surface of the conductive
substrate, which is conductive to easy pathways for transportation of electrons [86,
110, 111]. There are many limitations in the performance of α-Fe2 O3 nanotubes as
anode in LIBs, however, such as poor adherence to the substrate during cycling,
particularly at very high rates, so that it is too difficult to maintain their integrity and
electrical continuity. These problems can be overcome, however, through adding
carbon to make a composite electrode as mentioned above [102].
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Figure 2.22: a) Cycling stability of α-Fe2 O3 and C/α-Fe2 O3 nanotube arrays; with
the inset showing the differential capacity vs.voltage; (b) reversible capacity vs.
current density during different cycles for α-Fe2 O3 nanotube and C/α-Fe2 O3
nanotube array electrodes [102].
2.4 Iron- oxide based nanocomposite materials as anode in LIBs
Over the past few decades, many efforts have been made around the world to
develop new high efficiency electrode materials that can act as anode in LIBs. In the
present situation, however, high capacity and high power in rechargeable LIBs are
key requirements on power sources for portable electronic devices such as mobile
phones and cameras. Accordingly, many researchers are working to develop the
performance of electrode materials that act as anode in LIBs. Furthermore, even
though iron oxide has many advantages such as availability, nontoxicity and cheap
raw materials, and has high capacity of approximately 924 mAh/g [112]. There are
many motivations that have led researchers to develop the performance of LIBs via
using composite materials instead of metal oxide or iron oxide alone as anode in
these batteries. This is because the metal oxides such as iron oxide have many
problems, including poor electronic conductivity, poor cycling performance and also
aggregation of the particles of metal oxides. The problem of poor electronic
conductivity and electrochemical performance can be solved through adding an
electronically conductive agent such as graphene, carbon nanotubes, or carbon to the
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metal oxide to improve its' electronic conductivity [113, 114]. The problem of poor
cycling performance reflects the inability of electrodes to maintain their integrity
during many cycles of charge and discharge. This results in large volume changes
during repeated uptake and removal reactions of lithium ions, and this phenomenon
leads to the appearance of many defects and cracking in metal oxide electrodes.
These problems have a negative impact on electrical connection with the current
collectors. The reduction of active surface area that is caused by the aggregation of
particles is still another problem for metal oxides. Thus, many scientists are engaged
in developing composite materials of nanostructured transition- metal oxide with
carbon, carbon nanotubes , or graphene nanosheets in structures that can act as anode
in LIBs to solve these problems that results from using iron oxides alone [115, 116].
2.4.1 Iron oxide/graphene as anode in LIBs
Here, we consider a composite materials (Fe3 O4 -graphene) with 3D laminated
structures that is synthesized by using the hydrothermal method. It can be seen in
Figure 2.23[119] that nanoparticles of Fe3 O4 around 3-15 nm in size are highly
encapsulated on a graphene nanosheet matrix. This can be observed by transmission
electron microscopy and also via galvanostatic charge–discharge cycling, cyclic
voltammetry, and electrochemical impedance spectroscopy to examine the reversible
Li-cycling properties of the composite material ( Fe3 O4 -graphene) with 38.0 wt%
graphene through 100 cycles over the voltage range of 0.0-3.0 V. The composite
( Fe3 O4 -graphene) displays high capacity of approximately 650 mAh/g with greater
stability than bare Fe3 O4 electrode. Also, the advantages of the graphene nanosheets
in this composite material include the capacity of graphene to acts as active materials
and stores lithium ions. It also can act as an electronically conductive matrix to
improve the electrochemical performance of iron oxide. Meanwhile, the researchers
compared the nanocomposite electrode ( Fe3 O4 /graphene) as anode in LIBs with bare
Fe3 O4 electrode. The cycling performance of the composite in LIBs was better than
when Fe3 O4 electrode was used. The graphene nanosheets (GNS) matrix has several
advantages, such that as it acts as an active material in terms of lithium storage, it can
maintain the integrity of the iron oxide electrode by preventing large volume changes
and aggregation of particles, and it forms a highly efficient electrical network that
increases the conductivity of the electrode. The weight of the composite
( Fe3 O4 /GNS) between 360-600 °C is unstable, however, and there is a rapid loss in
48

mass due to oxidation of graphene, depending on the amount of graphene
nanosheets, while the weight of Fe3 O4 is more stable over this temperature range.
Furthermore, other disadvantages that relate to this method are the conversion
of Fe3 O4 to Fe nanoparticles and their distribution along with the formation of
amorphousLi2 O. This results in higher irreversible capacity during the first cycle.
Also, the large amount of graphene that is used in the nanocomposite electrode leads
to the formation of solid electrolyte interphase. Nevertheless, the graphene is
characterized by many valuable properties such as higher electronic conductivity,
and it has a two-dimensional structure like a network of carbon atoms. Also,
graphene has higher flexibility in its structure, and also has high surface area. These
properties lead to the successful synthesis of iron oxide over graphene sheets under
normal pressure [117, 118]. An image of this nanocomposite is presented in Figure
2.23. It can obviously be seen from the Figure that the nanoparticles of iron oxide
and graphene are very well integrated, and that the iron oxide nanoparticles have
strongly adhered to the surface of the graphene [119].

Figure 2.23: HRTEM image of nanohybrids electrode of Fe3 O4 /GNS [119].
Furthermore, in comparing the electrochemical performance of Fe3 O4 /GNS
composite material and Fe3 O4 alone as electrode in LIBs. It can be seen that Fe3 O4
electrode has capacities of 1066 and 767 mAh/g during the initial charge and
discharge, which are less than the initial capacities of Fe3 O4 /GNS electrode 1538
and 925 mAh/g, respectively. This is because Fe3 O4 /GNS has more active sites.
Also, after five cycles the Fe3 O4 /GNS anode shows a higher reversible discharge
capacity of 1046 mAh/g and charge capacity of 1006 mAh/g, which indicates that
the reversible capacity of the composite electrode increases dramatically with cycle
number and the coulombic efficiency also increases with cycle number from ( 60.2%
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at the first cycle to 96.2% at after five cycles), while the reversible capacity during
discharge–charge of the bare Fe3 O4 nanoparticle electrodes after five cycles
decreases from 630 mAh/g to 610 mAh/g [112]. This is because of the large volume
change of Fe3 O4 during the extraction and insertion of lithium ions because of the
conversion of Fe3 O4 to Fe° and Li2 O during Li ion uptake [120]. Such a dramatically
large volume change generates high strain, leading to the destruction of the iron
oxide lattice in the electrode. Thus, iron oxides exhibit an irreversible loss of
capacity, and they also have poor cycling performance, especially at higher values of
current density. So far, iron oxides have limited applications in lithium ion batteries
[121]. Thus, the cycling the performance of iron oxide can be improved by mixing it
with a conductive agent such as graphene, and the deposition of iron oxide, which
acts as a spacer and source of redox sites over and between the graphene nanosheets,
can create a three-dimensional structure to accommodate the strain that results from
volume expansion [122, 123].Thus, the graphene nanosheets act as an elastic buffer
to prevent the stress that is associated with the volume expansion during deep
cycling. Therefore, they give the iron oxide good stability during cycling and also
promote dispersion of the iron oxide over the GNS for lithium ion insertion and
extraction, as is illustrated in Figure 2.24[124].

Figure 2.24: Schematic diagram of Li insertion/extraction during cycling in
Fe3 O4 /GNS composite anode [124].
In addition, the morphology of the Fe3 O4 nanoparticles and Fe3 O4 /GNS
nanocomposite were investigated by SEM and TEM images, as shown in Figure
2.25. It can be seen from Fig.2.25(a) that in SEM images of the Fe3 O4 at low
magnification, the nanoparticles have a spherical shape, with diameters in range of
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100-200 nm. Also, the size distribution and agglomeration of iron oxide
nanoparticles can be demonstrated from the SEM and TEM images. In Figure
2.25(c,d), little agglomeration of iron oxide nanoparticles can be observed within the
basal planes of the graphene structure. This indicates that the graphene structure can
prevent the agglomeration of iron oxide nanoparticles when they are dispersed
uniformly on the graphene nanosheets surface.

Figure 2.25: a) SEM images of Fe3 O4 nanoparticles; (b) TEM images
of Fe3 O4 nanoparticles; (c)SEM images of Fe3 O4 /GNS nanocomposites; (d) TEM
image of Fe3 O4 /GNS nanocomposite and corresponding SAED pattern (inset) (e)
HRTEM image of graphene nanosheets; (f)HRTEM image of
Fe3 O4 nanoparticles [125].
The SAED in the inset to Fig.2.25 (d) indicates that the iron oxide nanoparticles
have crystalline structure, and all diffraction rings in this pattern can be indexed to
the cubic symmetry of iron oxide. In Figure 2.25(e), the parallel lines indicate the
number of layers of graphene sheets, which is estimated to be about 25 to 300 layers,
with the thickness of graphene platelets ranging from 8 to 10 nm. Figure 2.25(f),
shows the 0.48 nm spacing between the lattice planes of the iron oxide nanoparticles
[125].
Furthermore, single layer graphene nanosheets gives higher capacity storage of
lithium ions, yielding a capacity of 744 mAh/g when lithium ions are dispersed on
both sides of the GNS. Due to the higher stacking of GNS into multilayers and
aggregations of GNS, however, their active sites for insertion of lithium ions and
capacity for storage of Li-ions can be reduced. Hence, there is a need to add an ideal
spacer such as Fe3 O4 particles to overcome this problem. The very small iron oxide
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particles are dispersed uniformly on the GNS, and this reduces the rigidity and
stacking of GNS and provides a higher number of active sites for Li storage [124,
126]. Therefore, the storage capacity and rate capability of LIBs can be improved by
using composite materials such as magnetite Fe3 O4 /GNS and employing ultrasonic
deposition followed by a heat treatment. Fe3 O4 with the small particles size of 10 nm
can be dispersed homogeneously over GNS to form a Fe3 O4 /GNS composite that
has higher reversible capacity of 753 mAh/g at 0.1C, higher rate capability of 533
mAh/g at 5 C, better cycling performance, and also higher coulombic efficiency. In
addition, the Fe3 O4 /GNS has an imposed three-dimensional structure. Thus, such
composites have many positive features, such as higher ionic diffusion, higher
lithium storage, and also good electronic transport. This gives Fe3 O4 /GNS excellent
efficiency when applied as anode in LIBs. The crystal structure of the hollow
nanoparticles of Fe3 O4 and the Fe3 O4 /GNS composite were examined by XRD, as
shown in Figure 2.26. In trace (a), all the peaks of the bare hollow iron oxide can be
indexed to iron oxide, and no peaks from γ − Fe2 O3 can be observed. This shows
the value of using hydrothermal synthesis in order to ensure the formation of pure
phase nanoparticles. Trace (b) shows the uniform distribution of graphene sheets
when they agglomerate to encapsulate the magnetite hollow particles of Fe3 O4 [127].

Figure 2.26: XRD patterns of hollow nanoparticles of Fe3 O4 and hollow
nanoparticles of Fe3 O4 /GNS nanocomposite [127].
2.4.2 Iron oxide/CNTs as anode in lithium ion batteries
Carbon nanotubes (CNTs) were discovered in 1991. Carbon nanotubes have
excellent properties due to their unique structure, including both good electrical
properties and good mechanical properties. Thus, CNTs have attracted the attention
of researchers in recent years. Their aims have included decoration of CNTs by
filling their hollow cores or providing support to the outer surface of the CNTs by
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applying foreign materials in order to improve their properties and functions for
further applications in most fields of modern technology. Indisputably, such attention
to CNTs has motivated scientists in the modern era to develop numerous methods
that can be applied to their fabrication [128-130].These methods include the sol-gel
technique, electron beam evaporation, and others [131, 132]. Recent studies,
however, have been especially focused on the development of composite materials
from CNTs and transition metals or their oxides and sulphides to form magnetic
CNT composites with higher efficiency, such as due to higher potential, that can be
used in magnetic data storage and power sources. The advantages include good
mechanical properties, higher activated surface area, good electrochemical
properties, and good xerography, while in magnetic force microscopy, CNTs act as
nanoprobes [133, 134].
Basic research has focused on introducing magnetic iron oxides such as Fe3 O4
magnetite and γ − Fe2 O3 maghemite into CNT–based composites for energy
conversion and storage devices. Magnetite iron oxide nanoparticles can be deposited
on the outer surfaces of CNTs through different methods such as wet-chemistry [135,
136].This is a not good method, however, to fabricate magnetite Fe3 O4 /CNTs
composites because it has many disadvantages. Wet-chemistry is a complex method,
and it is too difficult to control the shape and size of the magnetite nanoparticles that
are deposited on the outer layer of the CNTs. Therefore, there has been research to
find a more satisfactory way to prepare CNT-magnetite composite materials by the
solvothermal method. This method can be used to fabricates CNTs and Fe3 O4 by
using a solvent such as benzene and a precursor such as ferrocene Fe(C5 H5 )2 . The
composite Fe3 O4 /CNT produced by this method has good magnetite properties at
room temperature [136, 137]. Moreover, in research to utilize Fe3 O4 -CNT
composite as a high performance anodes in lithium ion batteries. This composite has
displayed good reversible capacity above 800 mAh/g good capacity retention, and
also high capability rate performance. This excellent electrochemical performance of
Fe3 O4 -CNT composite results from the good electrical conductivity of CNTs , good
uniform deposition of the Fe3 O4 sheath, and also good structure retention for this
composite during cycling, as shown in Figure 2.27[138].
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Figure 2.27: Fe2 O4 / CNT composite based anode in LIBs [138].
Furthermore, the presence of spaces in the one- dimensional structure of CNTs can
act as encapsulating and loading space for foreign materials in the CNTs. This results
in new electrochemical performance of the composite materials within the onedimensional interior space. Thus, there have been several reports on the
electrochemical performance of transition metal oxides such as iron oxide when
loaded into the hollow structure of CNTs [139, 140]. Moreover, the electrochemical
performance of such a composite has been demonstrated at the current rate of 35
mA/g and voltage between 0.02 V and 2.5 V vs.Li+/Li , as shown in Figure 2.28(a),
where Fe2 O3 /CNTs after 40 cycles have higher initial discharge capacity of 2081
mAh/g and higher reversible capacity of 768 mAh/g with high coulombic efficiency
of more than 95%.

Figure 2.28: (a) Cycling performance of Fe2 O3 /CNTs composite and potential vs.
specific capacity(inset) as anode in lithium ion batteries [141].
Also, the rate performance of the Fe2 O3 /CNTs is very good, as shown in Figure
2.29:
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Figure 2.29: Rate performance of Fe2 O3 /CNTs during charge-discharge [141].
Moreover, it can be seen from Figure 2.29 that the Fe2 O3 /CNTs at the current rate
of (60 mA/g) exhibit high capacity of 565 mAh/g, and then when the current is
increased up to 1.2 A/g , the composite can maintain a stable capacity higher than
335 mAh/g. Thus, the Fe2 O3 /CNTs have good electrochemical performance and
good rate capability [141]. Furthermore, the CNTs have excellent mechanical,
electronic and chemical properties, a large aspect ratio, and large surface area. These
exceptional properties have prompted many researchers to design and fabricate
carbon nanotubes for high energy storage and energy conversion devices [142, 143].
Carbon nanotubes also have many limitations, however, such as the presence of
many voids between nanotube bundles, which have a spider web structure. These
voids decrease the conductivity of the electrode, and the CNTs also suffer from
agglomeration. These problems can be solved by supporting the CNTs with metal
oxides nanoparticles such as iron oxide which can fill the avoids in order to improve
the electrochemical performance and also can provide large surface area on the CNT
surface when the CNT/iron oxide nanocomposite is synthesized via the efficient
hydrothermal method, as shown in Figure 2.30.
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Figure 2.30: Schematic illustration of the mechanism used in the hydrothermal
method to form CNT/Fe3 O4 [144].
This nanocomposite has higher conductivity with good specific capacitances of 117.2
F/g, which is three times more than that of bare iron oxide, and this composite also
exhibits excellent cycling stability, which is associated with higher energy density of
16.2 Wh k/g [144].

Figure 2.31: HRTEM images of a)APCNTs and b) IO/ACNTs [121].
It can be seen from Figure 2.31(a) that the length of the purified, as prepared
CNTs(APCNTs) can range from many hundreds of nanometers to one micrometer,
which is longer than for the purified CNTs with iron oxide (IO/ACNTs). Moreover,
in Figure 2.31 (b), some of the tubular hollow structures of the nanocomposite have
many defects, resulting from destruction of the CNTs in the IO/ACNTs
nanocomposite. Current synthesis methods for iron oxide/CNTs have many critical
disadvantages, such as that at the first stage of preparing the CNTs(APCNTs), it is
necessary to use a strong acid in order to purify the CNTs from carbonaceous and
metal particles. This process requires an oxidation agent to modify the purified CNTs
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with functional groups, which leads to successful dispersion of iron oxide
nanoparticles on the walls and inside the voids of the CNTs [141, 145]. This process
is a very complex, and expensive, however, as well as having negative effects on the
environment and also resulting in low yield. Another disadvantage is that the poor
interaction between iron oxides particles and CNTs leads to low reversible capacity
of the lithium and low rate capability. Such problems can be solved by a facile onepot method involving synthesis of iron oxide/CNTs (IO/APCNTs) via modification
by using a solid activation agent such as KOH. As a result, before and after the
oxidation process, good interaction between iron atoms and carbon atoms leads to a
good distribution of iron oxide on the CNT matrix, which contributes to preventing
the agglomeration and volume expansion of CNTs during deep cycling and also
provides short pathways for the diffusion of Li-ions. Thus, the ( IO/ACNTs)
nanocomposite, when applied as anode in LIBs after preparation by the facile onepot method, can exhibit excellent storage capacity of about 1006 mAh/g at current
density of 25 mA/g and high rate capability. Hence, such a method based on the
APCNTs can be beneficial to the large-scale application of this nanocomposite in
lithium ion batteries, as can be observed in Figure 2.31[121].

Figure 2.32: Microstructure of Fe3 O4 / CNTs nanocomposite (a) field emission SEM
images of multiwalled CNTs,(b) FESEM images of Fe3 O4 /CNTs,(c) TEM images
of Fe3 O4 /CNTs, with the inset to(d) showing the corresponding SAED pattern
[146].
In addition, it can be seen from Figure 2.32(a) that the CNTs are randomly aligned
with outer diameters ranging from 30-40 nm and lengths of 200-500 µm. Also, the
uniform distribution of iron oxide nanoparticles can be clearly observed on the CNTs
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surfaces. The strong adhesion and stable attachment of iron oxide nanoparticles with
diameters from10 nm to 25 nm to the CNTs surfaces are obvious, while at the same
time the aggregation of iron oxide nanoparticles can be inhibited when they are
deposited on the CNT surfaces. The SAED pattern of the iron oxide particles in the
inset to Fig. 2.32(d) can be attributed to the crystalline structure with cubic
symmetry, while the HRTEM image in Fig.2.32(c) indicates 0.44 nm spacing,
consistent with the d-spacing of the (111) plane of iron oxide nanoparticles [146].
2.4.3 Iron oxide/carbon as anode in LIBs
Currently, due to the increasing demand for developing high power and energy
densities, without doubt, there have been great efforts to find durable, nontoxic,
cheap, high C-rate and high reversible capacity materials that can act as anode in
rechargeable lithium ion batteries [85].In contrast, iron oxides during the conversion
reaction suffer from poor electronic conductivity and cycling performance due to
agglomeration and volume change. With this in mind, there are many strategies to
solve these problems. For example, composite materials, such as porous
Fe3 O4 /carbon core/shell particles can be prepared as anode for LIBs from
Fe2 O3 nanorod precursors and glucose as the carbon source by using a facile thermal
method. The Fe3 O4 /C nanorods have uniform structure with diameters of 50-80 nm
and lengths of 300-500 nm, and are homogeneously coated with an amorphous layer
of carbon. In this composite the porous nanorods particles of Fe3 O4 can play a key
role in enhancing the electrical contact, which makes the transport of lithium ions
and electrons easy. This increases the reactivity of the electrode. Also, the carbon
layer in this composite can reduce the volume expansion and detachment of iron
oxide. This increases the stability of the Fe3 O4 /C structure during the cycling. Thus,
the Fe3 O4 /C nanorods electrode has a significant role in the development of lithium
ion storage.
This composite exhibits high electrochemical performance, good cycling stability,
high capacity, and also reversible capacity of 762.1 mAh/g at 0.1 C and 597.2 mAh/g
at 0.5 C after 50 cycles, higher than that of α-Fe2 O3 nanorods, which have the low
reversible capacity of 276.4 mAh/g under the same conditions, and the capacity of
Fe3 O4 nanoparticles, 307.9 mAh/g at 1C [147]. Furthermore, the different potential
and electrochemical performance can be clearly explained when a porous Fe3 O4 /C,
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composite, pure α-Fe2 O3 , and Fe3 O4 nanoparticles electrodes for the lithium ion
battery are compared during uptake and release of Li ions. Additionally, at a scan
rate of 0.1 mV/s and potential range of 0-0.3 V (vs. Li/Li+ ), it can be observed that
there are three reduction peaks in the first cathodic scan for the Fe3 O4 /C nanorods,
as shown in Fig. 2.33(a), where two of those peaks are at about 1.5 and 0.85 V.
These peaks do not appear in the curve of pure Fe3 O4 nanoparticles as shown in
Fig.2.33(b) due to the formation of Lix Fe3 O4 [148]. Without doubt, the difference
between the (CV) cyclic voltammetry CV curves of Fe3 O4 and the (CV) curve
of Fe3 O4 /C exists because both of them have different efficiency in Li-insertion due
to their different dimensions and sizes. On the other hand, during the reversible
conversion reaction of Lix Fe3 O4 to Fe°, a strong third peak appears at around 0.6 V.
Meanwhile, during the oxidation reaction of Fe° to Fe+2 to Fe+3 the anodic curves
have two peaks at about 1.75 V and 1.9 V. The 1.9 V peak for Fe3 O4 /C is related to
the stronger reversible reaction of Fe3 O4 nanorods than Fe3 O4 nanoparticles. This
results from the oxidation reaction that occurs within anodic cycling. The Fe3 O4 has
a visible peak with potential of 1.5 V, which is related to the reversible reaction
forming Lix Fe3 O4 , while the peak at 0.85 V disappears in the initial cycle during the
extraction /insertion process due to the irreversible reaction [146, 147]. Also, the CV
curves show that the value of the capacity for Fe3 O4 /C nanorods is about 1377.5
mAh/g, while for the Fe3 O4 nanoparticles, it is 1205.6 mAh/g and for the αFe2 O3 nanorods, it is about 1261.1 mAh/g

Figure 2.33: a) CV curves of Fe3 O4 /C and b) CV curves of Fe3 O4 nanoparticles
from the first to the third cycle [147].
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In sharp contrast, a significant decrease can be seen in the reversible capacities of
each electrode at 0.1 C. For α-Fe2 O3 nanorods, the initial capacity is about 307.9
mAh/g, and a round 276.4 mAh/g for Fe3 O4 nanopartcles, while at the second
cycle, the Fe3 O4 /C

nanorods can keep their high capacity at around 97.4%

compared with 26.9% for α-Fe2 O3 nanorods and 33.8% for Fe3 O4 nanoparticles.
This indicatesthat the Fe3 O4 /C electrode has higher cycling stability. These results
are due to the morphology of the amorphous carbon layer and one-dimensional
porous nanorods, which facilitates the transportation of Li-ions and electrons. Thus, a
larger reversible capacity can be achieved. Also, the carbon layer can reduce the
volume expansion and Fe3 O4 detachment during cycling. As a result, the cycling
performance of the Fe3 O4 /C nanorod electrode is improved.
Moreover, the Fe3 O4 /C electrode has higher rate performance than the Fe3 O4
nanoparticles and α- Fe2 O3 nanorods, as shown in Fig.2.33. Also, at the high rate of
1 C the Fe3 O4 /C electrode has high capacity of 630.1 mAh/g with a low fading rate
The reversible capacity during the charge and discharge at the lower value of 0.1 C
for Fe3 O4 nanoparticles is 406.6 mAh/g, while for the α- Fe3 O4 nanorods, it is 170.1
mAh/g and 630.1 mAh/g for Fe3 O4 /C nanorods. This indicates that the Fe3 O4 /
C nanorods have stable capacity during cycling, while for the capacities of the
Fe3 O4 nanoparticles and α-Fe2 O3 nanorods decrease dramatically during cycling, due
to their poor electrochemical performance compared with the Fe3 O4 /C nanorods
[147].
The phase structure and chemical composition of porous Fe3 O4 microbelts were also
analyzed by XRD, as shown in Figure 2.34. It can be seen from the XRD pattern
over the angular range of 20◦ ≤ 2θ ≤80◦ that the peaks at 30.1◦, 35.5◦, 43.1◦, 57.0◦, and
62.6◦ represent the (220),(311),(400),(511), and (440) crystal planes, respectively.
The carbon diffraction peak has disappeared due to the formation of amorphous
carbon during the calcinations process. The XRD pattern exhibits a high background
due to low crystallization of the iron oxide nanoparticles, as shown in Fig.2.34.
Besides, in Figure2.35, the evolution the morphology of Fe3 O4 /C can be observed
in the SEM images showing the synthesis of Fe(NO3 )3 - polyvinyl pyrrolidone (PVP)
precursor in nanobelts with width of 4µm by elecrospinning. The SEM images show
no obvious change in the width of the Fe3 O4 /C microbelts after calcination of the
carbon for two hours in flowing N2 at 500 ℃. Also, in Fig. 2.35(c), it can be seen
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that the nanoparticles of iron oxide are well distributed on the surfaces of the
Fe3 O4 /C microbelts [149].

Figure 2.34: XRD pattern of porous iron oxide/carbon microbelts [149].

Figure 2.35: a) SEM image of precursor microbelts during synthesis by the
electrospinning method,(b) SEM image at low magnification of Fe3 O4 /C microbelts
that are formed after calcination at 500 °C, (c) cross-sectional SEM image of
microbelts, (d) SEM image of Fe3 O4 /C porous structure [149].
Carbon can act as a buffering layer to accommodate high volume expansion of iron
oxide during cycling and also can act as a barrier to prevent agglomeration of active
particles of iron oxide and other nanosturctured materials. Thus, carbon is commonly
used to improve the cycling performance of nanostructured materials [150].For
instance, the use of Fe3 O4 /C nanocomposite with its nano-micro structure as anode
in LIBs gives excellent cycling stability, high rate capability, and high capacity due
to its' stable structure and high conduction of ions and electrons, which result from
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the synergetic effects of the especial nano-micro structure and the good conductive
carbon coating [151].
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3 EXPERIMENTAL DETAILS
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3.1

Materials and chemicals

The details of materials and chemicals that were used in my study are given in Table
3.1
Table 3.1: Materials and chemicals used in my Master’s study
Materials or chemicals Chemical formula

Percentage of Supplier

name

purity

Iron(III)nitrate

Fe(NO3 )3 .9H2 O

99.99%

nanohydrate

SigmaAldrich

C6 H12 O6

Glucose

N/A

SigmaAldrich

Ethanol

C2 H5 OH

Reagent

Ajax

Ethylene carbonate (EC)

C3 H4 O3

99.99%

Sigma

Diethylcarbonate(DEC)

C5 H10 O3

99%

SigmaAldrich

Carbon black(CB)

C

N/A

CABOT
Australia
PTY LTD

Lithium

hexafluoro

LiPF6

98%

Alfa Aesar

NaCl

99.5%

Sigma

HO2 CCO2 H

98%

Aldrich

C

N/A

Fluka

CMC

N/A

Sigma-

phosphate(electrolyte)
Sodium chloride
Oxalic acid
Graphite powder
Caboxymethyl cellulose

Aldrich
Lithium metal

Li

N/A

China

Copper foil

Cu

N/A

China

CR2032

N/A

Hohsen

99.95%

Sigma-

Coin cell

Lithium acetate

LiOOCCH3

Aldrich
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Titanium butoxide

Ti(OCH2 CH2 CH2 CH3 )4

97%

SigmaAldrich

3.2
3.2.1

Structure analysis of materials and physical characterization
X-rays diffraction (XRD)

X-ray diffraction is a technique that is used for analysis of the crystallographic
structure of materials. The XRD pattern reflects the arrangement of atoms inside the
crystalline structure of a material and the crystalline size as well. Also, the other
important function of the XRD technique is to determine the preferred crystal
orientation in powdered solid samples or in polycrystalline structured materials. The
X-ray beam is diffracted by each set of lattice planes into many directions with
specific angles. The angles and the scattered intensity are considered as functions of
the arrangement of atoms in the crystal structure, and also their disorder and their
bonds as well. In addition, the scattered X-rays beams that come from different sets
of planes lead to a pattern that can determine the crystal structure of a given material.
In the (XRD) technique, copper is usually used as the anode material. The copper is
irradiated with a beam of high energy electrons, which can be accelerated to high
speed via the high field produced at high voltage. The X-ray beam is generated in the
X-ray tubes. Additionally, the target can emit photons with high energies. The atoms
in the crystal structure of the sample to be investigated are arranged in regular arrays
and scatter X-ray waves of electromagnetic radiation in the length range of 10-0.01
nm, that is, on the order of the lattice distance between diffraction planes. In
addition, much as the water waves that strike a lighthouse result in the generation of
secondary circular waves centred on the lighthouse, the X-rays that strike electrons
produced secondary spherical waves that come from the electrons. Accordingly, this
process is referred to as an elastic scattering phenomenon, while the electrons and
light house are known as the scatterers. The atoms that scatter X-ray waves can
cancel each other out through the destructive interference in most directions. They
can constructively add the X-rays as well, however, in a few particular directions.
Thus, the re-emitted X-rays can experience destructive or constructive interference.
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In the latter case, the diffraction conditions from the planes can be determined by
Bragg’s law as follows:
nʎ = 2d sin θ……….3.1
Where n is an integer representing the number of wavelengths.
ʎ is the wavelength of the scattered X-ray beam.
d is the distance between the diffracting planes or the spacing between atomic layers
in the crystal structure.
θ is the incident angle of the X-ray beam. Some of the incoming beam can be
deflected by an angle 2θ and can produce a reflection split in the diffraction, because
of reflections from the faces of the crystals.
XRD can also be used to calculate the crystal size of particles of a material. This can
be determined from the broadness of the peaks, and depends on the Scherrer equation
𝒌ʎ

[152, 153] as follows: 𝐷 = 𝜷 𝐜𝐨𝐬 𝜽………………………………………3.2
Where D is the crystal size
K is the shape factor corresponding to the average crystallite and has a value of
around 0.9.
ʎ is the wavelength of the X-ray beam, normally assigned a value of 1.5406nm for
Cu Kα.
β is the full width at half maximum in radians .
θ corresponds to the peak position and representes Bragg’s angle.

Figure 3.1: Reflection of X-rays beam from lattice planes according to Bragg’s law
[152].
The interference between waves scattered from two adjacent lattice planes of atoms
in the crystal structure of a sample according to the Bragg’s law is schematically
illustrated in Figure 3.1.
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It should be noted that material structure analysis and characterization in this thesis
were conducted by using a Philips PW-1730 diffractometer , with monochromatized
Cu Kα radiation with wavelength (λ=1.5418 A◦).
3.2.2

Scanning electron microscopy (SEM) and field emission scanning
electron microscopy (FESEM)

SEM is a type of electron microscopy that is used to observe the morphology or
surface topography of a sample by scanning it with a high energy electrons beam in a
raster scan pattern. SEM is based on the signals that are produced by the interaction
between the atoms of the sample and the electrons beam. These signals provide
specific information about the surface topography of the sample, and the sample’s
morphology, composition and electrical conductivity as well.
Nowadays, the (SEM) instrument is considered as one of the great developments in
technology. It is used to analyse the morphology of materials and gives high
resolution images of the sample down a very small size (1-5 nm) at higher
magnification.
In addition, field emission scanning electron microscopy (FESEM) is a type of high
resolution (SEM) that images the topography and structure of samples from the top
view or cross-section. FESEM is usually used in conjunction with ordinary (SEM)
imaging [154].
Furthermore, SEM instruments work by a specific mechanism. The electron beam in
(SEM), with an energy range from (0.5 keV -40 keV), can be focused on one or two
condenser lenses to a spot with a small diameter of (0.4 nm-5 nm). Then this electron
beam passes through pairs of scanning coils or via pairs of deflector plates in the
column of the electron microscope. In the final lens, the electron beam is deflected in
two directions (X and Y). Then, it can scan in a raster pattern above a rectangular
area of the sample surface [154]. In this thesis the morphology was observed by
using a JEOL JSM-6460A of SEM and a JEOL JSM -7500 FA FESEM. These
instruments are housed at the Institute for Superconducting and Electronic Materials
(ISEM), Innovation Campus. University of Wollongong.
The configuration of a typical (SEM) instrument is shown in Figure 3.2 as follows:
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Figure 3.2: Schematic configuration of scanning electron microscope [154].
3.2.3

Transmission electron microscopy (TEM)

TEM is a microscopy technique where by a beam of electrons is transmitted through
an ultrathin specimen and interacts with the specimen as sit passes through. The
interaction of the sample with the electron beam that is transmitted through the
specimen results in an image. This image can be magnified and focused onto an
imaging device such as a layer of photographic film, or a fluorescent screen, or it can
be detected by a sensor such as a charge coupled device (CCD) camera. In (TEM),
the material is again bombarded with an electron beam, and the diffracted intensity
of the electrons beam relies on the orientation of the atomic planes in the crystal
structure of the material relative to the electron beam. The electron beam is thus
diffracted strongly at certain angles, and the electrons are deflected from the axis of
the incoming beam, so that most of the electron beam is deflected to another angle.
The amount of deflection depends on the particular conditions of diffraction. A
(TEM) instrument can provide an image with higher resolution than (SEM) or light a
microscopeimage.TEM is considered as a major analysis technique in a range of
scientific fields. The (TEM) instrument consists of an emission source, which is a
tungsten filament or lanthanum-hexaboride (LaB6 ) source. The tungsten filament is
either in a hairpin-style or a small spike shape, while (LaB6 ) sources can utilize
small single crystals. By connecting the gun to a high source of voltage between
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(100-300 keV) and giving sufficient current, electrons are released either through
field emission, either thermionic or through field emission into vacuum. This
extraction is usually helped by the use of a Wehnelt cylinder. The upper lenses allow
for the shaping of the electron probe beam in situ, giving it the size and location
needed for later interaction with the specimen [155, 156]. The basic components of
(TEM) are shown in Figure 3.3 as follows:

Figure 3.3: Schematic diagram of (TEM) instrument [157].
3.2.4

Raman spectroscopy

Raman spectroscopy (RS) is a spectroscopic technique that is applied in order to
study rotational, and other low-frequency vibrations in a system. A Raman spectrum
depends on many factors, such as Raman scattering, or inelastic scattering, of
monochromatic light, which usually comes from a laser in the visible, near
ultraviolet, or near infrared range [158].
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Figure 3.4: Schematic diagram of mechanism of Raman spectroscopy [158].
A schematic energy level diagram of the states occurring in a Raman signal is
presented in Fig.3.4.
The mechanism at work in this technique is based on the upwards or downwards
shifting of the energy of the laser photons, which results from the interactions of
laser light with phonons, molecular vibrations, or other excitations in the material.
The shifts in energy can give information about the phonon modes in the material.
The effect behind Raman spectroscopy occurs the light impinges on a molecule and
interacts with the bonds and electron cloud of that molecule. For the spontaneous
Raman effect, which is a form of scattering, a phonon plays a role in exciting the
molecules from the ground level up to a virtual energy level, so that when a molecule
is relaxed, it can emit a photon, through various vibrational and rotational states. The
difference in energy between the original state and the new state causes the photon's
frequency to shift away from the excitation wave length. Moreover, the Raman
effect, which is a light scattering phenomenon, should not be confused with
absorption as with flourescence, where the molecule can be excited to a discrete (not
virtual level of energy) [157].
In this thesis, the Raman spectra were collected using a JobinYvon HR 800.
3.3

Electrode preparation and coin cell construction

In order to test the electrochemical performance of the anode electrodes we designed.
LIBs anodes needed to be fabricated, along with the battery test cell as whole.
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3.3.1

Electrode fabrication

Fe3 O4 /C/PGC/GNS nanosheet electrode, where PGC is porous graphitic carbon, was
prepared by mixing the active material with carbon black (CB) as conductor and
poly(vinylidene fluoride)(PVDF) or carboxymethyl-cellulose(CMC) as binder in the
ratio of (8:1:1), respectively. Then, a specific amount of solvent was added, such as
distilled water or N-methy1-2-pyrrolidone (NMP). Then, the resulting material was
mixed carefully by (mortar and pestle) to ensure good homogeneity among all the
contents. After that, the resulting slurry was homogenously coated on a piece of
copper current collector as anode or aluminium foil current collector as cathode.
Then, the electrode was dried at 120 °C in a vacuum oven for 3 hours. Finally, the
electrode was compressed under a pressure of 300 kg/cm2 in order to increase the
contact between the materials used to prepare the electrode. Afterwards, the electrode
was put into a glove box for coin cell assembly of the battery cells. In the same way,
coin cells were prepared based on Fe3 O4 /C/PGC anode in the ratio,8:1:1, and
electrolyte

consisting

of

LiPF6

(1M)

in

ethylene

carbonate/dimethyle

carbonate/diethyl carbonate (EC/DMC/DEC) in the ratio, 3:4:3. Coin cells based on
Li4 Ti5 O12 anode will be discussed in Chapter Four.
3.3.2

Coin cell construction

Generally, the electrochemical performance was examined by using CR2032 coin
cells.

The

battery

cells

were

assembled

in

an

Ar-filled

glove

box

(Mbraun,Unilab,Germany). In addition, in the glove box, both the oxygen and the
moisture concentration were controlled to be less than 0.1 ppm. In this case, for
anode electrode, the test cells used an electrolyte composed of 1M LiPF6 ) mixed in a
solution of ethylene carbonate (EC) and dimethyl carbonate (DMC) in a 50:50 (w/w)
ratio. In the other case for cathode electrode testing, the electrolyte was 2M of LiPF6
in a solution of (EC) and (DEC) in the ratio of 2:1 (w/w). In this cell lithium metal
was used as the standard counter electrode. The electrodes, separator lithium metal
foil, and gasket covered by the cap of the anode were all put into a can for the battery
test cells as shown in Figure 3.5. Moreover, after the cells assembly, the cells were
aged for 24 hours at least before testing their electrochemical performance.
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Figure 3.5: Schematic diagram of the basic parts of the coin cell used in( ISEM); a)
coin cell without active material; b) coin cell with active material [159].

3.4

Electrochemical performance testing

The electrochemical performance testing of lithium ion battery coin cells in this
study was conducted by applying several voltage cut-offs on a Land battery tester
under constant current. Then, the theoretical capacity of active material was
determined for this thesis from the current densities. The current is passed between
two electrodes, the anode and the cathode, which usually are in equilibrium. In this
study, I was interested in testing the electrode processes of the designed anode
electrodes.
Such anode electrode testing was carried out by two approaches:
a) Cell potential control or potentiostatic control.
b) Current control or galvanostatic control.
The other electrode, the counter electrode, is employed in order to complete the
external circuit. The potential of the electrode is monitored with respect to the
reference electrode, which represents the third electrode in a battery cell.
Furthermore, during the charge-discharge testing of coin cells in this thesis, many
types of electrochemical measurements could be conducted as follows:
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3.4.1

Galvanostatic cycling test

In this test, a constant current is employed between the working electrode and the
counter electrode. The current is applied until the maximum or minimum potential
limits are reached. At the working electrode, the positive current would cause the
oxidation reaction, while the negative current would cause the reduction reaction.
The measurement of the variation in potential versus time in this test is called
chronopotentiometry. The galvanostatic cycling measurement has some significant
advantages over cyclic voltammetry. This results from many reasons. One is that in
this test a constant current density or current is applied, so the redox process of the
working electrode is illustrated under real conditions of the working battery
[160,161].
In this thesis the galvanostatic testing during charge-discharge of the battery cell at
constant current density was at room temperature using a Neware battery tester
(China) in (ISEM at room temperature).
3.4.2

Energy dispersive x-ray spectroscopy (EDS):

X-ray can be detected with an energy- dispersive x-ray (EDX) spectrometer, which is
used to obtain the element composition of a sample. In this work, element analysis,
morphologies, and element mapping of samples were already used. The powder
sample was either dispersed in ethanol or loaded directly onto an aluminium holder
using carbon conductive tap for SEM observation. A sample for EDS was loaded
onto piece of indium metal to eliminate contamination from sample holder and the
carbon tap.
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4 𝐅𝐞𝟑 𝐎𝟒 /𝐂/GNS/PGC NANOSHEETS AND 2D
𝐅𝐞𝟑 𝐎𝟒 /𝐂/PGC NANOSHEETS AS HIGH
PERFORMANCE ANODES FOR LITHIUM ION
BATTERIES
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4.1

Introduction

The electrochemical performance of capacitors, of a type which is also known as
supercapacitors or ultracapacitors, have drawn increasing attention for energy storage
applications due to their high rate capacity, long cycle life, and high power density
[162] .
Currently, graphene has emerged as promising materials for electrochemical energy
storage applications because of its unique mechanical strength, high electrochemical
conductivity, and high chemical stability [1]. Graphene, however, has a very low
capacity when used as anode electrode in energy storage devices such as LIBs. Thus,
its applications are limited in the field of energy storage. Thus, transition metal
oxides, which have a high theoretical capacity (500-1000 mAh/g), that is based on a
novel conversion mechanism, are considered for promising applications in LIBs [2].
Fe3 O4 is one of the more promising electrode materials among the transition metal
oxides. This is because of its environmental benignity, low cost, and high theoretical
Li storage capacity. Nevertheless, iron oxide particles suffer from large volume
change expansion and large aggregation of the Fe3 O4 particles during lithium
insertion-extraction processes. This results in reduced surface area. Thus, rapid
capacity fade and poor electrochemical performance can be observed. Iron oxides
also have low conductivity and poor stability when subjected to deep cycling.
Therefore, Fe3 O4 is blended with conductive agents such as graphene nanosheets in
order to improve the conductivity and electrochemical performance [1]. Numerous
material hunting strategies are currently being investigated in order to discover new
anode materials with lower cost, more sustainability, higher Li-ion and electron
transport rates, high Li ion storage capability and green technology [3].
A carbon coating is widely used for improving the electrical conductivity of
electrode materials as well as for preventing the exfoliation of the inner active
materials such as iron oxide and SnO2.This is because the carbon coating can warps
tightly the surface of the active materials, but it cannot release the large strain
effectively, which caused by volume expansion and also increase the resistance for
Li-ion in order to reach the core of active materials. Currently, a new type of
nanocomposite has proposed to improve cycling performance, rate capability, and to
prevent the challenges faced by exterior coating or inner-pore filling. Thus, a flexible
confining structure is expected to provide enough buffer space that can play a key
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role in improving the cycling stability of anode materials by reducing the
pulverization. Therefore, more importantly, in recent studies the flexible porous
system for porous graphene nanosheets PG could be used as a confining structure
with buffering capability to reduce electrode pulverization. This results from the
porous texture of GNs, which causes the materials to be flexible due to the lack of
rigid connections between adjacent nanosheets. Also GNs have excellent electrical
conductivity. It is suggested that such a flexible confining structure can be used to
fabricate other nanocomposite anode materials with metal oxides such as GNs with
iron oxides. This nanocomposite has the advantages of the two building blocks and
displays a large reversible capacity, increased cycling stability, and high rate
capability for LIBs [122].
Moreover, graphene a honey comb network of sp2 carbon atoms has become one of
the most attractive carbon matrices because of its outstanding electrical conductivity,
excellent mechanical flexibility, high thermal, high chemical stability, and large
specific surface area. Electrochemically active metal oxides (MOs) such as Tio2,
Fe2O3 and Fe3O4 [163, 164] have been widely used as promising anode materials for
the next-generation LIBs due to their natural abundance and high theoretical
capacities. However, they exhibit poor cycling stability and rate performance
because of the huge volume change induced by the alloying reaction with lithium.
Also the so-called pulverization problem leads to a breakdown in electrical contact
path-ways between MOs, which results in rapid capacity fading rate during chargedischarge cycling [ 165, 166].
To overcome these obstacles recent studies present double protection strategy by
fabrication a two- dimensional (2D) – shell that is constructed by confining the welldefined graphene based metal oxides within carbon layers. The resulting 2D carboncoated graphene\ metal oxides nanosheets (G@MO@C), which have high electrical
conductivity, thin feature, and large aspect ratio. Moreover, the carbon shell can
overcome the deformation of MO such as Fe3O4 nanoparticles while keeping the
overall electrode highly conductive and active in lithium storage [167].
Apparently, the excellent electrochemical performance of 2D nanocomposite
electrode anode G@MO@C for lithium energy storage can be signed to the
synergistic effects of G, MO, and the carbon layer, which associated with unique
advantages of 2D core-shell structure such as:
76

a) The combination of graphene and carbon results in a high electrical
conductivity of overall electrode and thus increased electron transport rate.
b) The thickness of the nanoscale of that nanocomposite can efficiently decrease
the diffusion length for both lithium ions and electrons.
c) The coated carbon layers leads to improve the structural stability by
suppressing the aggregation of iron oxide nanoparticles and accommodate
their volume expansion during C-rate [167].
In this thesis, we synthesize two nanocomposite materials via in situ techniques in
order to compare their electrochemical performance when used as anode in LIBs.
The electrochemical performance of Fe3 O4 /GNS/C/GPC nanosheets with different
graphene contents, has been examined by galvanostatic charge-discharge cycling and
cyclic voltammetry.
The first nanocomposite anode to be discussed consists of Fe3 O4 /GNS/C/GPC in the
form of nanosheets with three-dimensional laminated structure. The SEM images
show that the Fe3 O4 nanoparticles are highly encapsulated within the graphene
nanosheets matrix.
The second anode consists of Fe3 O4 /C/GPC nanosheets with 2D structures. The
electrochemical performance of this nanocomposite was examined for 35 cycles. In
this work, we tested the electrochemical performance of 2D Fe3 O4 /C/GPC
nanosheets at various current densities over 35 cycles. Apparently, the chargedischarge capacity at 100 mA/g current density after five cycles is 760 and 780
mAh/g, respectively. Also, it can be reported that this anode delivers obviously lower
capacity of only 270-290 mAh/g during charge-discharge, respectively, at the end of
the 35 cycles. Thus, it exhibits a low capacity fading rate during the course of the
first few cycles. This evidently proves that this composite has a unique 2D
encapsulation structure. In this composite, the carbon shell and porous carbon
nanosheets can contribute to allowing the Fe3 O4 nanoparticles to expand upon
insertion-extraction of Li-ions, which leads to high lithium storage capacity during
charge-discharge processes.
Also in this electrode, the carbon shell can reduce the formation of Fe nanocrystals,
which results from catalysing the decomposition of the outer solid electrolyte
interphase (SEI). This leads to the growth of a stable SEI layer above the carbon
shell surface and re-formation of the SEI. Thus, the capacity of this electrode is
maintained very well according to the formation of a stable SEI, giving this anode
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excellent cycling performance. Nevertheless, the growth of the SEI results in lower
electronic conductivity of the whole electrode and higher resistance to ionic
transport.
In addition, to high light the superiority of the electrochemical performance of the
2D Fe3 O4 /C/GPC nanosheets, they exhibit high rate capability. This composite
delivers high reversible capacity of 760 mAh/g at 100 current density over 5 cycles.
The results show that the 2D composite displays excellent electrochemical
performance due to its unique structure.
4.2
4.2.1

Experimental:
Graphenenanosheets preparation

Hummers method is considered as the most promising approach to form graphene by
a reduction process from graphene oxide (GO). The first step in the preparation of
graphene via this method involves the preparation of a 2.5 mg/ml colloidal yellowbrown suspension of GO from purified graphite powder by the modified Hummers
method. In the second stage, the GO is next diluted with 50 ml deionized water. It
then is reduced by 3.78 g oxalic acid. After that, the aqueous solution is mixed very
well for 18 hours at 75 °C, and the GO will change to a black colour during the
reaction with oxalic acid. In the third stage, the resulting solution is heated for 1h at
150˚C in order to remove the oxalic acid, which is quickly sublimated at that
temperature. In addition, in the final stage, the resulting solution is treated with
deionized water many times, and the graphene oxide is thus reduced to graphene.

Figure 4.1: a) Colloidal suspension of graphene oxide with yellow brown colour, b)
graphene oxide with black colour after reacting with oxalic acid at 75˚C [168].
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Figure 4.2: Schematic diagram of conversion process of graphite to chemically
derived graphene by Hummers' method [169].

4.2.2

Two-dimensional 𝐅𝐞𝟑 𝐎𝟒 /𝐜𝐚𝐫𝐛𝐨𝐧/ Porous graphitic carbon (PGC)
powder fabrication

Carbon-encapsulated nanoparticles of Fe3 O4 embedded in two dimensional (2D)
carbon nanosheets have been successfully synthesized via an in situ method. This
unique hybrid nanocomposite was obtained from commercial materials that were
used without further purification. Meanwhile, to prepare the 2D Fe3 O4 /carbon/
PGC nanosheets composite, (0.73g) Fe(NO3 )3 . 9H2 O as the metal precursors used to
form Fe3 O4 , was mixed very well with (2g) glucose C6 H12 O6

as the carbon

precursors, and (15g) sodium chloride dissolved in (10 ml) deionized water. The
resulting solution was then deried in an oven for 24 hours at 80 °C.This powder was
then ground in an agate mortar to form a very thin nanostructured powder. This
powder was heated for 2 hours in a tube furnace at 750 °C under air atmosphere.
After a careful annealing process for 6 hours at 250 °C under air, the 2D Fe3 O4 /
carbon /PGC nanosheets composite could be obtained. After cooling to room
temperature, the resulting powder was treated with deionized water in order to
dissolve the sodium chloride and obtain pure 2D Fe3 O4 /carbon /PGC. The
mechanism for the synthesis of 2D Fe3 O4 /carbon/PGC can be illustrated as follows:
The carbon atoms in C6 H12 O6 can reduce iron oxide to iron nanoparticles that can
catalyze the carbon atoms that are present in glucose to form an encapsulating carbon
layer around the iron nanoparticles or PGC. Then, the coating layer around the NaCl
particles can be embedded in porous graphitic carbon PGC nanosheets with uniform
thickness. After that, the calcination of Fe3 O4 /carbon /PGC nanosheets under air
atmosphere

leads

to

oxidation
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of

the

iron

and

carbon-

encapsulated Fe3 O4 nanoparticles, which will be distributed homogenously in the
porous graphitic carbon nanosheets. Ultimately, the resulting powder is treated with
distilled water in order to dissolve the sodium chloride. Thus, pure Fe3 O4 /carbon /
PGC nanosheets with two-dimensions are formed.

Figure 4.3: Schematic diagram of fabrication of 2D Fe3 O4 /carbon /PGC
nanosheets powder via in situ synthesis by using the surfaces of NaCl particles as
templates [170].
4.2.3

Synthesis of nanocomposite of graphene nanosheets with 𝐅𝐞𝟑 𝐎𝟒 /𝐂/ PGC
(GFC)

Magnetite graphene-Fe3 O4 /carbon hybrids in a hierarchical nanocomposite have
been successfully fabricated by in situ synthesis. This unique hybrid is fabricated by
mixing 15.1 mg Fe3 O4 /carbon/PGC nanosheets powder, graphene nanosheets
solution with different percentages, 10 wt% and 20 wt% in the ratio 9:2, and
5mlethanol solvent. After that, the mixture was ground very well by mortar and
pestle for approximately 1 hour at room temperature. Then, the solution was stirred
at room temperature for 1 hour, and put into an oven for 1 hour at 80 °C in order to
dry the solution and remove the ethanol solvent. Finally, the GFC nanocomposite
could be ground by mortar and pestle for use as anode electrode in lithium ion
batteries.

80

4.3

Results and discussion
a) Characterization analysis

Figure 4.4: a) SEM image of Fe3 O4 /GNS C/PGC/ nanosheets, b)SEM image of 2D
Fe3 O4 /C/PGC nanosheets.
The

morphology

of

the

resulting

nanocomposite

electrode

of

Fe3 O4 /GNS/C/PGCnanosheets was investigated via SEM. It can be seen from this
image Fig.4.4 (a) that the basal planes of PGC nanosheets have a small angles to the
normal of the sample surface. It can also be observed that the gaps between the thin
and flexible layers in graphite house are well distributed between the loosely
packed Fe3 O4 nanoparticles and the nanoporous carbon layers in the PGC with large
numbers of voids and wrinkles to form a three-dimensional 3D open structure, which
is in agreement with the superior electrochemical performance of this anode
electrode.
Also it can be seen from Fig.4.4 (b) that the 2D porous structure of Fe/C/PGC
nanosheets after annealing under air can be well maintained for 2D Fe3 O4 /C/PGC by
oxidation. This special morphology can greatly facilitate the diffusion of both lithium
ions and electrons transportation.

b) Electrochemical performance analysis
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Figure 4.5: Electrochemical cycling performance of a)2D Fe3 O4 /C/PGC nanosheets
during charge-discharge at constant current density of 100 mA/g over 35 cycles,
with the inset showing the voltage profile ;b) electrochemical performance of 2D
Fe3 O4 /C/PGC nanosheets at different current rates over 40 cycles of chargedischarge.
In this work, we tested the electrochemical performance of 2D Fe3 O4 /C/PGC
nanosheets electrodes at constant current density of 100 mA/g over 35 cycles. As can
be seen, in the initial cycle, this nanocomposite has a high reversible discharge
capacity of 1000 mAh/g, while the initial charge capacity is nearly zero, but rises
sharply in the second cycle to almost the same level as the discharge capacity. Also,
this nanocomposites exhibits nearly stable reversible capacity during chargedischarge when the cycles number is increased gradually, as shown in Figure 4.5 (a).
Fig.4.5 (b) presents the electrochemical performance of 2D Fe3 O4 /C/GPC
nanosheets at various current densities over 35 cycles. The charge-discharge capacity
at100 mA/g current density after five cycles is about 760 and 780 mAh/g,
respectively. Also, there is obviously lower capacity of only 270-290 mAh/g during
charge-discharge, respectively, delivered at the end of the 35 cycles. Thus, it exhibits
a low capacity fading rate during the course of a few cycles. This evidently proves
that this composite has a unique encapsulation structure. In this composite the carbon
shell and porous carbon nanosheets allow for the Fe3 O4 nanoparticles to expand
upon insertion-extraction of Li-ions, which leads to high lithium storage capacity
during charge-discharge processes.
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In this electrode the carbon shell also can reduce the formation of Fe nanocrystals,
which results from catalysing the decomposition of the outer solid electrolyte
interphase. This leads to the growth of a stable SEI above the carbon shell surface
and re-formation of the SEI. The capacity of this electrode is maintained very well
according to the formation of a stable SEI. Therefore, this electrode anode has
excellent cycling performance. Nevertheless, the growth of the SEI results in lower
electronic conductivity of the whole electrode and higher resistance to ionic transport

In addition, to high-light the superiority of the electrochemical performance of the
2D Fe3 O4 /C/PGC nanosheets, they exhibit high rate capability, as displayed in
Figure 4.5(b). This composite delivers high reversible capacity of 760 mAh/g

at

100 mA/g current density during the first 5 cycles. The results show that the 2D
composite displays excellent electrochemical performance due to its unique
structure.

Figure 4.6: Cycling performance of the Fe3 O4 /GNS/C/PGC nanosheets with 10 wt%
graphene over 70 cycles at constant current density of 100 mA/g.
It can be clearly observed from Fig.4.6 that the composite with 10 wt% and 20 wt%
graphene nanosheets exhibits approximately the same values of charge and discharge
capacity, even after 70 cycles, as well as high coulombic efficiency from about 98%
in the initial cycles to 100% after 70 cycles. This indicates that Fe3 O4 /GNS/C/PGC
nanosheets are rather stable during cycling at a constant 100 mA/g current density
over various numbers of cycles.
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Figure 4.7: Voltage profiles plotted for the first and 50th cycles of the
Fe3 O4 /GNS/C/PGC nanosheets composite electrode with 10 wt% graphene at a
current density of 100 mA/g, during charge and discharge.
Fig.4.7 represents the voltage profiles of the Fe3 O4 /GNS/C/PGC nanosheets
composite at a current density of 100 mA/g for the 1st and 50th cycles during
charge/discharge, with cut-off voltage range of 0.0-3.0 V vs. Li Li+. The first and
50th charge-discharge curves of the Fe3 O4 /GNS/C/PGC nanosheets composite with
10 wt% graphene are shown in this Figure. In the initial discharge process, this
sample delivers a high lithium storage capacity of about 1100 mAh/g, while the
charge capacity is about 740 mAh/g in the first cycle. This indicates the relatively
high irreversible capacity loss that may be observed in the first cycle, which may
result from the conversion reaction of Fe3 O4 to Fe nanoparticles. The composite
sample is also characterized by high surface area the formation of amorphousLi2 O,
and the formation of solid electrolyte interphase (SEI). Accordingly, this composite
has a high irreversible capacity loss for the first cycle that is associated with the
formation of solid electrolyte interphase. Also, it can be seen that the charge capacity
at the 50th cycle is about 820 mAh/g, while the discharge capacity is about 700 mAh
/g. It can thus be seen that the irreversible capacity loss is greatly decreased in the
subsequent cycles.

84

Figure 4.8: Cycling and rate performance of a) Sample1, Fe3 O4 /C/PGC/GNS
nanosheets electrodes with 10 wt% graphene, at various current densities of 100 mA
/g, 200 mA/g, 300 mA/g, 500 mA/g, 1000 mA/g, 5000 mA/g and 10000 mA/g; b)
cycling and rate performance of Sample 2, Fe3 O4 /C/PGC/GNS nanosheet electrodes
with 20 wt% graphene over 70 cycles.
Fe3 O4 /C/PGC/GNS nanosheets nanocomposite anode with10 wt% graphene
nanosheets show a high reversible capacity during charge-discharge with high
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coulombic efficiency of 99% after 10 cycles. It can be seen that the charge capacity
of Sample 1, Fe3 O4 /C/PGC/GNS with 10 wt% graphene is very high around 780
and 680 mAh/g at lower current densities of 100 and 200 mA/g ,respectively, while
the charge capacity of Sample 2, Fe3 O4 /C/PGC/GNS with 20 wt% graphene is 620
and 550 mAh/g, respectively. While the discharge capacity with 20 wt% graphene is
630 and 570 mAh/g, respectively. This is because of the good distribution of the iron
oxide nanoparticles on the surface of the GNS, which can greatly decrease the
stacking between graphene layers. Thus, more space will be available on the
graphene surface for lithium ion storage. Also, the homogenous dispersion of iron
oxide particles on conducting graphene plays a role in the better cycling performance
due to the reduced Li-ion diffusion length and the high conductivity of graphene. The
charge-discharge capacity decreases significantly to about 370, 97 and 95 mAh/g
charge capacity and 100, 99, and 97 mAh/g discharge capacity for Sample 1 when
the current density increases to 1000, 5000 and 10000 mA/g, while for Sample 2,
the charge capacity is around 290, 98 and 90 mAh/g and the discharge capacity is
around 300, 100 and 92 mAh/g at the same values of current density of 1000, 5000
and 10000 mA/g, respectively. The decrease in capacity as the current density
increases is caused by many reasons:
a) Poor electrical contact that occurs between the nanocomposite anode materials
and the copper current collector.
b) The high resistance that occurs at high rates of current density.
When the current density is decreased to the initial value of 100 mA/g in the rate
performance tests, the capacity of Sample 1 returns to the same values of charge and
discharge of 800 and 870 mAh/g, while the charge and discharge capacities of
Sample 2 are 700 and 710 mAh/g at the initial cycle, respectively. This could be
attributed to the lesser effect of decoration of iron oxide nanoparticles on the surface
of the graphene nanosheets, and also, the resistance between the Cu current collector
and the anode decreases the high capacity at high current densities. Thus, the
capacity retention of Fe3 O4 /GNS/C/PGC nanosheets nanocomposite with different
ratios of graphene is superior due to the unique 3D close and stable structure with
large surface area and high conductivity of this nanocomposite. Therefore, the
negative effects of volume change during charge-discharge will be reduced, so that
this nanocomposite has higher cyclability.
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4.4 Conclusion
In summary, we developed a facile approach to synthesize two nanocomposites by an
in situ technique: Fe3 O4 /C/PGC/GNS with different ratios of graphene nanosheets,
10 wt% and 20 wt%, and Fe3 O4 /C /PGC nanosheets for lithium ion battery
applications. SEM images of Fe3 O4 /C/PGC/GNS have shown that the Fe3 O4
nanoparticles are dispersed homogeneously within the GNS spaces and carbon
nanosheet layers to forma 3D laminated open structure, which plays a role in
improved electrochemical performance. The results have shown that the
nanocomposite containing PGC with the 10 wt% GNS exhibits high coulombic
efficiency of 98% and higher charge-discharge capacity at 100 mA/g of 800-870
mAh/g, respectively.
The nanocomposite containing PGC with 20 wt% GNS also exhibits high capacity of
about 700-710 mAh/g at 100 mA/g current density during the initial cycle, while
Fe3 O3 /C/PGC nanosheet electrodes exhibits capacities of 760 mAh/g

and 780

mAh/g at 100 mA/g during first charge-discharge, respectively. Most important of
all, these novel nanocomposites anodes also show exceptional capacity retention at
different C-rates. The experimental data shows that these nanocomposites have
excellent cycling performance. This can be attributed to a number of reasons as
follows:
They have a unique structure, which includes the homogenous distribution of Fe3 O4
nanoparticles.
The 2D structure of GNS can ensure short paths for electron transportation and Liion diffusion, leading to high storage capacity, good conductivity, and fast C-rates.
The thin onion-like carbon shell can reduce the direct contact of the Fe3 O4
nanoparticles with the electrolyte and prevent side reactions at the interface between
them.
The carbon shells that are present in Fe3 O4 @C nanocomposites can interconnect
within the highly conducting PGC nanosheets, which results in the formation of a
very efficient and continuous network.
The superior mechanical flexibility of the PGC nanosheets plays a key role in
preventing the aggregation of Fe3 O4 and large volume change of the Fe3 O4 @C
during Li insertion-extraction, maintaining the structural integrity of the whole
electrode.
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The combined effects that result from the different chemical compounds that are
present inside these nanocomposites can also be of benefit.
To sum up, the benefits are due to the increased structural integrity and excellent Liion diffusion and electron transportation. Hence, the lithium storage capacity of the
3D nanocomposites is improved.
It

can

be

concluded

the

advantages

and

disadvantages

of

Fig4.4.

Fig4.4.a)Fe3 O4 /GNS/C/PGC nanosheets, Fig 4.4.b) 2D Fe3 O4 /C/PGC nanosheets:
a)Fe3 O4 /GNS/C/PGC nanosheets: This nanocomposite shows a significantly
improved cycle life of lithium ion battery. This can result from graphennanosheets
matrix in the composite, which can serve many functions, including: maintaining the
structural integrity of the composite by preventing large volume change and particles
aggregation. The increasing the electric conductivity of the anode electrodes by
forming an efficient electrically conductive network for electron transfer during the
lithiation and delithiation process. All of these factors mentioned above mean that
good electrochemical performance can be achieved. Otherwise, it can be observed
that the extra capacity in initial cycles is probably contributed by the reaction of
oxygen-containing functional groups on graphene nanosheets with lithium ions and
the formation of a surface polymeric layer due to the decomposition of the solvent in
the electrolyte, which results in irreversible capacity loss.
Fig4.4.b) 2D Fe3 O4 /C/PGC nanosheets:

The flexible and conductive PGC

nanosheets in this composite can accommodate the mechanical stress induced by the
large volume change of embedded Fe3 O4 @C nanoparticles as well as prevent the
agglomeration of Fe3 O4 particle. Therefore, it can maintain the structural and
electrical integrity of the 2D Fe3 O4 /C/PGC nanosheets nanocomposite anode during
lithiation/delithiation process. Also the well graphitized carbon with good
conductivity may be very favourable to the fast electron transport, and a large surface
area and well developed 2D porous structures of that nanocomposite may be
beneficial to the electrolyte ion diffusion to active sites with less resistance and may
be accommodated large volume changes of the Fe3 O4 @C nanoparticles during
charge/discharge process. On the other hands, the undesirable some irreversible
reactions and formation of thick solid electrolyte interface films and decomposition
of electrolyte, after the first cycle can occur on the surfaces and interfaces of onion-
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like carbon shell. Then, the relatively low initial coulombic efficiency may be
occurred because of the irreversible capacity loss.
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5.1

Introduction

A drive for renewable clean energy options to be utilized at higher levels exists due
to the increasing concerns about the shortage of crude oil and the consequences of
global warming. As a result, lithium ion batteries have been recently developed to
provide power for electric vehicles (EVs) or hybrid electric vehicles (HEVs) in order
to reduce environmental pollution [16, 84]. The performance of the conventional
carbon anode in lithium ion batteries cannot meet all the requirements of modern
EVs, however, such as the need for high-rate cycling or fast charging. Moreover,
safety issues with the use of commercial carbon are not well addressed, which
include its low working voltage and lithium dendritic growth under high current if
the battery is overcharged [171]. Therefore, cost-effective anode materials with high
power densities that are safe and feature long cycle lives are required.
As an alternative, spinel Li4Ti5O12 is under serious consideration as an anode in
high power cells [172]. Owing to its having the following advantages: a working
potential of 1.5 V vs. Li+/Li, high thermal stability,especially at elevated
temperatures, and enhanced safety. Since a solid electrolyte interphase (SEI) forms
below 1 V vs. Li+/Li, in part due to the reduction of the organic electrolyte, having a
working voltage above 1 V, as in Li4Ti5O12 anodes, can avoid the SEI formation and
may also avoid lithium plating under high current conditions [48, 173]. Li4Ti5O12 can
accommodate three further lithium cations in its structure and shows very flat
charge/discharge curves during electrochemical cycling. Moreover, Li4Ti5O12 is
referred to as a “zero strain” material during the transition between the two end
members, Li4Ti5O12 and Li7Ti5O12, with lithium intercalation/de-intercalation,
resulting in stable cycling due to the negligible volume change [174]. The low
electronic conductivity and moderate Li+ diffusion coefficient, however, hinder its
high rate performance and applicability for Li-ion batteries [175-177]. The
conventional methods to improve rate capability are minimizing the particle size to
decrease the Li+ diffusion length and carbon coating to improve the conductivity
[178]. The practical problems imply that it is not easy to prepare Li4Ti5O12
nanostructures, and it is also difficult to control the uniformity of the carbon coating
if extra organic carbon sources are used.
Above all, for industrial application, the laboratory-based synthesis procedure
should be low-cost, energy non-intensive, and facile and feasible for scaled up
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production. Commonly for most titanium salts, the starting precursors are easily
hydrolyzed to form TiO2. Once TiO2 is formed, it is necessary to heat it with lithium
salts at high temperatures for extended periods of time in order to obtain wellcrystallized Li4Ti5O12, which is an energy consuming process [179, 180].
Furthermore, due to the time-consuming heat treatment at high temperatures, the
Li4Ti5O12 particle sizes grow to several hundred nanometers or even several microns,
which, in turn, increase the lithium diffusion path within isolated particles and
thereby decreases electrode performance. Spray pyrolysis is a well-known cost
effective and industrially scalable technique, providing the capability to manufacture
large numbers of nanostructured ceramics and composites with promising
applications in energy storage devices [181-183]. Precursor salts are dissolved in a
solution that allows uniform mixing of each component at the molecular level,
leading to high chemical purity in the products. Spray pyrolysis with appropriately
chosen precursor salts is expected to save on heat-treatment times, and thus save
energy and cost in large-scale production.
In the present work, Li4Ti5O12 was prepared by an in-situ spray pyrolysis
technique in the form of nanocrystallites. Both the uniformity of the precursor
components and the pre-formed crystallites allowed subsequent short annealing
times, which are required to save energy in large-scale production. Meanwhile, the
heat treatment under N2 atmosphere preserves carbon from the decomposed organic
precursors, forming in-situ carbon-containing samples, thus improving the
conductivity and allowing favourable electrochemical performance.
5.2

Experimental

Synthesis: The clear transparent precursor solution was prepared by dissolving a
stoichiometric ratio of lithium acetate and titanium butoxide in ethanol to obtain a
0.5 M solution. The solution was sprayed into the pyrolysis furnace at a temperature
of 800 oC using a two-fluids spray nozzle and air as a carrier gas at a flow rate of 6.5
mL min-1 to obtain raw Li4Ti5O12 (designated as raw LTO). Then, the raw LTO
sample was post-annealed in N2 (sample designated as LTO-N) and air (sample
designated as LTO-A) at 800 oC for 1 h with a ramping speed of 5o min-1.
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Figure 5.1: Schematic diagram of the technique for producing in-situ spray pyrolysis
Li4Ti5O12 with a conductive network as a long cycle life, high rate anode material for
lithium ion batteries.
Characterization: TEM images were collected with a JEOL 2011F instrument. XRD
data were collected on a PANalyticalX’Pert Pro diffractometer with Cu K radiation.
Rietveld refinements were carried out using the GSAS [184] suite of programs with
the EXPGUI [185] interface. Raman spectroscopy was performed on a JobinYvon
HR800. Energy dispersive spectroscopy (EDS) spectra were collected with a JEOL
JSM-6460A instrument. X-ray photoelectron spectroscopy (XPS) was conducted
using Al Kα radiation at 12 kV. The electrochemical tests were carried out via
CR2032 coin type cells. Typically, the working electrodes were prepared by mixing
the as-prepared Li4Ti5O12 samples, carbon black, and polyvinyllidene difluoride
(PVDF) at a weight ratio of 85:10:5 and pasting onto Cu foil. The coated electrodes
were dried in a vacuum oven at 110 oC for 8 h. The active material loading was about
2 mg cm-1. Coin cells were assembled in an argon-filled glove box (Mbraun, Unilab,
Germany) by stacking a porous polypropylene separator containing liquid electrolyte
between the composite electrode and a lithium foil counter electrode. The electrolyte
consisted of a solution of 1 M LiPF6 in ethylene carbonate (EC)/ dimethyl carbonate
(DMC) (1:1, in volume). The discharge/charge measurements were conducted on a
Land CT2001A tester. For the full battery tests, Li (Co0.16Mn1.84)O4 (LCMO) was
used as the cathode and synthesized as reported previously [186]. The composition of
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the electrode is 80:10:10 by weight (LCMO: carbon black: PVDF) and pasted onto
Al foil.
5.3

Results and discussion

Figure 5.2: TEM images: (a) raw LTO and (b) a high-resolution image with the inset
showing the corresponding selected area electron diffraction (SAED) pattern; (c)
LTO-N, with the inset showing the SAED pattern, and (d) a high resolution image;
(e) LTO-A, with the inset showing the hollow spheres, and (f) a high resolution
image.
The morphologies of raw Li4Ti5O12 (raw LTO) and of Li4Ti5O12 annealed in N2
(LTO-N) and in air (LTO-A) were investigated by transmission electron microscopy
(TEM), shows in Figure 5.2. All samples show micron-size hollow spheres and
sheet-like fractured particles, both of which are the typical features of materials
prepared by the spray pyrolysis technique. Note that there is very dark contrast for
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the large spheres in Fig.5.2 (e), not because they are solid particles, but because of
the large contrast difference between the spheres and the fractured sphere sheets in
the image. If the contrast is altered, the hollow nature of the spheres is revealed, as
presented in the inset. The high resolution images of the three samples are shown as
follows: Fig. 5.2(a) raw LTO,Fig.5.2 (b) LTO-N Fig. 5.2(d), and LTO-A
Fig.5.2(f)Raw LTO shows a mesoporous structure with a high specific surface area
of 74.5 m2 g-1. The selected area electron diffraction (SAED) pattern of raw LTO
shows very diffuse diffraction rings, indicating that the sample was not well
crystallized,

but

is

in

asemicrystalline

and

semi–amorphous

state.

Figure 5.3: a) XRD pattern
The homogenous morphology and structure of the raw LTO in Fig. 5.2 (a) can be
attributed to the mixing of the precursor solution on the atomic level and the ultrafast spray pyrolysis process (around 0.5 s) in the furnace at 800 oC. Thus, the
crystallites are formed but not well developed, and the subsequent evaporation
process involving the escape of the solvent results in a mesoporous sample. As for
the LTO-N sample, the inset in Figure 5.2(c) shows bright and sharp diffraction
rings, indicating a well crystallized sample. The particles within the polycrystalline
sample were of the order of 10 – 30 nm in size, a size range which is difficult to
synthesize by conventional solid state reaction, as the long heating times required
tend to form micron-size particles. Notably, the LTO-A sample shows non-uniform
crystal sizes Figure 5.2(f), with a significant fraction of crystallites around 100 nm
and numerous microtwins.
The high resolution TEM images of LTO-N show amorphous features in some areas
with a high specific surface area of 74.5 m2 g-1, which indicate the presence of thick
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carbon films of the order of 10-30 nm in size produced by the decomposition of the
organic precursor salts under the final heat treatment in inert atmosphere, which is
consistent with the broad and weak intensities observed in the XRD pattern and the
poorly developed lattice fringes in some areas, with crystal sizes of about 5nm.s To
verify the existence of residual carbon, Raman and energy dispersive X-ray
spectroscopy (EDS) were conducted and are shown in Figure 5.4.
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Figure 5.4: (a) Raman spectra of LTO samples annealed in N2 and air; (b) high
resolution TEM image of the LTO-N sample; and (c) schematic diagram of carbon
distribution on grain boundaries.
The Raman spectrum of the LTO-N sample shows two peaks at about 1340 and 1590
cm-1, corresponding to the D and G bands of carbonaceous materials, confirming the
presence of carbon. Furthermore, these peaks are absent for the LTO-A sample,
suggesting that the residual carbon is removed when annealing takes place in air. The
EDS mapping in Figure 5.5(b) also confirms the existence of an even and uniform
distribution of carbon in the LTO-N sample.
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Figure 5.5: EDS mapping of sample LTO-N: (a) SEM image, (b) carbon
distribution, with the inset showing the EDS spectrum, (c) titanium distribution, (d)
oxygen distribution.
The EDS spectrum, as shown in the inset in Figure 5.5(b), clearly shows the carbon
peak, and the estimated carbon content from EDS is less than 5 wt%. To determine
where the carbon is located in this sample, high resolution TEM was performed, as
shown in Figure 5.4(b). The image shows that the carbon is mainly on the Li4Ti5O12
grain boundaries, as presented in the schematic diagram in Figure 5.4(c). Thus, it is
believed that the carbon on grain boundaries also acts to inhibit growth of the
primary particles for the LTO-N sample, for which the TEM images indicate smaller
crystal sizes relative to the LTO-A sample.
Carbon coating or addition has been a traditional way to improve the
conductivity of electrode materials, and it is very common to use extra carbon
sources such as citric acid, pitch, polyaniline, or organic ionic liquid [180] for carbon
addition. In this work, Ti(OCH2CH2CH2CH3)4 and CH3COOLi were used as starting
materials, with the –(OCH2CH2CH2CH3)4 and –COOCH3 groups acting as atomic
level carbon sources. In this way, a uniform carbon distribution can be achieved, and
the carbon is located along the grain boundaries. It is highly likely that the affinity
created between carbon and Li4Ti5O12 during the synthetic procedures would be
better than for post-synthetic carbon coating through the use of additional carbon
sources. As shown in Figure 5.4(c), the LTO-N nanoparticles are agglomerated with
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a thin layer of carbon between them, and such a well-formed carbon-Li4Ti5O12
network will effectively facilitate both electron and lithium ion transportation in the
material. This would therefore significantly improve the electrochemical
performance of the electrodes. For LTO-N, the heat treatment atmosphere was
slightly reductive, which presumably reduces tetravalent Ti in Li4Ti5O12 to trivalent
Ti to some extent. Jung et al. [180, 187].
The carbon located on the grain boundaries of LTO, which results in forming a
conductive network that can improve the electron conductivity. Also the carbon can
prevent the crystal growth of LTO. Thus, the reduced particles size shorter the
pathway of lithium diffusion.
Recently reported a change in Ti valence in carbon-coated Li4Ti5O12 samples
annealed in argon. Thus, to determine the Ti valence, X-ray photoelectron
spectroscopy was conducted on the spray pyrolyzed samples annealed in N2 and air.
Both samples only exhibited a tetravalent Ti peak at 458 eV (based on Ti4+O2). This
is probably because the surface of the LTO-N sample had been oxidized by air and
moisture, and XPS detects the sample surface with limited depth. This result is
consistent with the report of Jung et al., who found that most of the outer surface of
their C-coated Li4Ti5O12 samples was solely composed of tetravalent Ti. They
reported, however, that on further etching of the particle surface by Ar+ to a depth of
about 20 nm, the XPS results showed a mixed valence state of trivalent and
tetravalent Ti. Unfortunately, we could not further confirm the presence of Ti3+ in
our LTO-N sample solely by XPS without surface etching. Nevertheless, Rietveld
refinement of Li4Ti5O12 XRD data, as shown as in Figure 5.6 indicates a larger
lattice parameter for LTO annealed in N2 (a = 8.3692(3) Å) compared to LTO
annealed in air (a = 8.3607(1) Å). The lattice parameter is expected to increase if
some Ti4+ is transformed to Ti3+, because of the larger ionic radius of Ti3+ (0.67 Å)
compared to Ti4+ (0.605 Å) [188]. Digital photographs of the two powder samples
are also shown as insets in Figure 5.6, and clearly, the sample annealed in air is
white, while the sample annealed in N2 is grey. The colour change from white to grey
may not be entirely due to the presence of carbon, but also may be due to the partial
formation of Ti3+[180, 187].The difference in crystallite sizes between LTO-N and
LTO-A can be clearly seen in the peak shapes of the XRD data, with LTO-N
featuring the broader peaks characteristic of smaller crystallites, relative to LTO-A
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with the sharper peaks characteristic of larger crystallites. If we consider particle size
as the major contributor to the broadening of peak shapes and use peak-profile
functions (particle-size broadening effect) in Rietveld analysis to investigate average
crystallite sizes, we find that the average crystallite sizes follow LTO-A  LTO-N
and that the ratio of average crystallite sizes, LTO-A : LTO-N, is 2:1, that is, the
average crystallite size for the LTO-N is half the size of the average crystallite of
LTO-A, which is consistent with the TEM results shown in Figure 5.2.

Figure 5.6: Rietveld refinements of the Li4Ti5O12 structural model based on XRD
data for LTO-N (top) and LTO-A (bottom). Crosses () indicate the collected data,
the solid line through the data is the calculated model, the purple line below is the
difference between the observed and calculated patterns, and the vertical lines
indicate Bragg reflections. The insets contain digital photographs of the powder
samples, respectively.
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Figure 5.7: Electrochemical performance of samples: (a) cyclability of LTO-N and
LTO-A at 0.5 C, (b) discharge curves of LTO-N and LTO-A at a current density of
8.75 mA/g (C/20), (c) rate capability of LTO-N and LTO-A samples from 0.5 C to
30 C (with charge and discharge processes at the same C-rate), (d) cyclability of
LTO-N at 10 C with different ratios of active material: carbon black: binder (with the
charge rate fixed at 1 C =175 mA/g).

Figure 5.7(a) compares the cycling performances of both annealed samples at a
current rate of 0.5 C (87.5 mA/g). The initial reversible capacities are 165 mAh/g and
162 mAh/g, respectively, for LTO-N and LTO-A, and both show good capacity
retention of 90.9% and 89.5%, respectively, up to 500 cycles. The galvanostatic
discharge curves at the rate of C/20 in half cells of both annealed samples are
displayed in Figure 5.7(b). The discharge curves feature sloping voltage curves at
the beginning and at the end of the Li insertion process, with a flat voltage plateau in
between. The flat part corresponds to a two-phase reaction between Li4Ti5O12 and
Li7Ti5O12, and the slope indicates a single phase (solid solution) region in the
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discharge process between Li4+δTi5O12 (beginning) and Li7-γTi5O12 (end) [189]. The
LTO-N sample clearly shows an increase in the solid solution region by having a
longer slope relative to the LTO-A sample. It is proposed that the two phase
solubility could be related to particle size, strain, interface and surface energy
contributions, etc.[190]. In the present study, it might be attributed to the smaller
crystallite sizes and possible presence of Ti3+ in the LTO-N sample. Wang et al.
[180, 187] reported that the single phase reaction region shows a significantly higher
lithium diffusion coefficient than the two-phase reaction region, and therefore, a
sample with a larger single phase region should show favourable high rate
performance. Rate capabilities of the LTO-N and LTO-A samples from 0.5 C to 30 C
are shown in Figure 5.7(c). Both samples show stable cycling performance at each
applied current density, but LTO-N shows a higher discharge capacity than LTO-A,
especially at high rates. LTO-N exhibits discharge capacities of 160 mAh/g, 148
mAh/g, 132 mAh/g, and 112 mAh/g for 1 C (175 mA/g), 4 C (0.7 A /g), 10 C (1.75
A/g), and 20 C (3.5 A/g), respectively, and a discharge capacity of 96 mAh/g is also
achieved at 30 C (5.25 A/g). Moreover, the discharge capacity increases to157
mAh/g when the discharge rate returns back to 1 C. The corresponding galvanostatic
charge-discharge curves at different C-rates are shown in Figure 5.8.
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Figure 5.8: Galvanostatic charge/discharge curves of Li4Ti5O12 annealed in N2 at
different C-rates.
Figure 5.8 shows that the difference between the charge and discharge voltage
plateaus tend to increase with increasing current density. The outstanding rate
capability of the LTO-N sample can be attributed to the following factors: (i) carbon
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located on grain boundaries, enhancing the conductivity; (ii) carbon inhibiting crystal
growth during annealing, resulting in nanoparticles which feature the shorter lithium
diffusion lengths that are favourable for high rate performance; and (iii) the possible
presence of Ti3+ in LTO-N, which enhances electronic conductivity and thus
improves performance. The conductivity enhancement with Ti3+ is due to the
presence of one extra electron in trivalent Ti compared to tetravalent Ti, which
exhibits insulating properties arising from empty Ti 3d states [55, 191].
It is well known that higher carbon content is favourable for high rate
performance in laboratory coin cells [192, 193]. Thus, the cycling performance of
LTO-N electrodes with different weight ratios of active material, carbon black, and
binder were investigated. Weight ratios of active material: carbon: polyvinylidene
difluoride (PVDF) binder of 85:10:5, 80:10:10 and 70:15:15 were investigated, and
the cycling stabilities at 10 C after 0.5 C activation for the first 10 cycles are shown
in Figure 5.7(d). The capacity of the electrode with a ratio of 85:10:5 evidently
decreases after 100 cycles, while the cell with a ratio of 80:10:10 shows moderate
cycling capacity retention. The 70:15:15 ratio shows the best retention, exhibiting a
discharge capacity of 145.8 mAh/g up to 500 cycles, with capacity retention of
92.9% relative to the initial cycle at 10 C (156.9 mA/g).
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Figure 5.9: Li4Ti5O12 anode and Li(Co0.16Mn1.84)O4 cathode full battery tests: (a)
galvanostatic charge/discharge curves for the first cycle, and (b) cycling
performance.
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A full battery test was also undertaken using Li(Co0.16Mn1.84)O4 (LCMO) as the
cathode and LTO-N as the anode. The voltage vs. capacity curves of the LCMO halfcell are shown in Figure 5.9.
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Figure 5.10: Galvanostatic charge/discharge curves of Li (Co0.16Mn1.84)O4vs.Li+/Li
at current densities of 87.5 mA/g and 175 mA/g.
Two discharge voltage plateaus are exhibited at about 4.1 and 4.0 V vs. Li+/Li. The
discharge capacities of the cathode material are 103 and 99 mAh/g when cycled at
the current densities of 87.5 mA/g(0.5 C for Li4Ti5O12) and 175 mA/g (1 C for
Li4Ti5O12), respectively. The weight ratio of the LTO-N electrode to the LCMO
electrode in the full battery was designed such that the electrode capacity ratio is 1:1.
The testing conditions employed involved a constant current charge step at the rate of
0.5 C, followed by a constant voltage (CV) step until the current decreased to 0.01 C.
The discharge process was at the rate of 1 C (1 C = 175 mA/g), except for the first
three cycles, where activation was performed at a current rate of 0.1 C.
Figure 5.9 (a) shows the galvanostatic charge/discharge curves, with discharge cell
voltage plateaus of about 2.5 and 2.4 V and a discharge capacity of 140 mAh/g
(calculated based on Li4Ti5O12). Note that the capacity of the constant voltage charge
mode only accounts for about 2.5% of the whole charge capacity. Due to the various
engineering factors, such as electrode fabrication parameters, geometric effects, and
load balancing with two distinctly different single electrodes integrated via a
laboratory scale fabrication procedure into a full cell, the electrochemical
performance of the Li4Ti5O12 electrode in the full battery is not as good as that in a
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half cell. Nonetheless, the full battery exhibits good capacity retention, as shown in
Figure 5.9(b). The capacity at the 40th cycle retains 96.8% of the discharge capacity
for the first cycle.

5.4

Conclusion

We report a promising anode candidate based on Li4Ti5O12 for high power lithium
ion battery applications, which is synthesized by the spray pyrolysis technique and is
highly feasible for industrial use. Spray pyrolyzed Li4Ti5O12 annealed in N2 for a
short period of time features carbon on the grain boundaries, which originates from
the decomposition of the organic synthetic precursors. The carbon acts to inhibit
growth of Li4Ti5O12 particles and improves conductivity, both of which are
favourable for electrochemical performance. The as-prepared Li4Ti5O12 exhibited
outstanding electrochemical behaviour, even at a high C-rate. Moreover, in full
battery tests, the material also showed excellent performance, demonstrating its
applicability as a good anode candidate for lithium ion batteries.
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6 CONCLUSION
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6.1 General conclusion

This thesis reports on an investigation of the electrochemical performance of
nanocomposites of Fe3 O4 /GNS/C/PGC nanosheets with different percentages of
GNS 10 wt% and 20 wt%, and Fe3 O4 /C/PGC nanosheets nanocomposites as
alternative anode electrodes for lithium ion battery applications.
The present results have demonstrated that the nanocomposite Fe3 O4 /GNS/C/PGC
nanosheets anode with 10 wt% of GNS presents relatively higher charge- discharge
capacity at 100 mA/g current density of around 800-870 mAh/g, while
Fe3 O4 /GNS/C/PGC nanosheets with 20 wt% GNS have about 700-710 mAh/g
charge-discharge capacity, under the same conditions. The Fe3 O4 /C/PGC nanosheets
nanocomposites under the same conditions exhibits 760 mAh/g and 780 mAh/g
charge-discharge capacity, respectively.
Most important of all, these novel nanocmposite anodes also show exceptional
capacity retention at different C-rates. This outstanding electrochemical performance
could be caused by the good morphology, unique microstructure, and surface
properties of these nanocomposites, and also the combined effects that result from
the different chemical compounds present inside these nanocomposites. The present
results indicate that the Fe3 O4 /GNS/C/PGC nanosheets nanocomposites could be
suitable anodes for lithium ion battery applications with relatively high retention of
capacity and good rate capability.
In addition, there was an investigation as an anode material of nanocrystalline
Li4Ti5O12 with an effective carbon conductive network that was synthesized by a
simple in-situ spray pyrolysis technique. The as-prepared Li4Ti5O12 materials show
excellent electrochemical performance, both in rate capability (up to 30 C) and based
on full battery tests. Moreover, spray pyrolysis is a well-known, simple, and
continuous synthesis procedure that can be applied to scale up the production of
materials in industrial applications. In this technique, precursor salts are dissolved in
a solution that allows uniform mixing of each component at the molecular level,
leading to high chemical purity of the products and a short annealing time
afterwards, which saves considerable energy compared to the conventional solid state
reaction.
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Lithium ion batteries have been recently developed to provide power for electric
vehicles or hybrid electric vehicles in order to reduce environmental pollution.
Li4Ti5O12 is one of the most promising alternative anode materials for application in
high power lithium ion batteries due to its high operating voltage and “zero strain”
property, which result in enhanced safety and stable cycling performance. The low
electronic conductivity and moderate Li+ diffusion coefficient have been obstacles to
its high rate performance.
6.2

Recommendations

This section highlights how the aims of my Master’s research work were attained.
The main aim was to broaden our knowledge in this most interesting area, the
development

anode electrodes with high electrochemical performance for lithium

ion battery applications, based on nanostructured materials. In this Master's research
some suggestions or recommendations for further research are presented for
1)Fe3 O4 /GNS/C/PGC nanosheets, and 2) nanocrystalline Li4Ti5O12, which were
tested as electrode anode in lithium ion batteries, as follows:
6.2.1

𝐅𝐞𝟑 𝐎𝟒 /GNS/C/PGC nanosheets

a) Highly encapsulating carbon layers on 2D GNS can lead to high lithium ion
storage capacity, high reversible capacity and excellent performance.
b) Carbon layers can improve the electrical conductivity and increase electron
transportation.
c) The combination of GNS and carbon coated layers in Fe3 O4 /GNS/C/PGC
nanosheets nanocomposites can improve the structure by preventing the
aggregation and volume changes of the iron oxide during cycling.
d) Iron oxide can improve the low conductivity of GNS.
6.2.2

Nanocrystalline Li4Ti5O12

a) The carbon in the composite developed in this research originates from the organic
precursor salts and is preserved during the short annealing period in N2. Thus, the
synthesis procedure could result in better affinity to Li4Ti5O12 particles and a more
uniform distribution than from adding an additional carbon source for carbon
coating.
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b) Carbon is located mainly on the Li4Ti5O12 grain boundaries, forming a conductive
network that improves electronic conductivity.
c) Carbon could also inhibit Li4Ti5O12 crystal growth. The reduced particle size
shortens the lithium diffusion pathways.
d) The uniformity of the precursor solution on the molecular scale allows a short
annealing time at high temperature, which could save much energy in large-scale
application.
All of the above recommendations are favourable for high rate performance as anode
material for lithium ion batteries.

108

REFRENCES

[1]

Winter,

M

&

Brodd,

RJ,

What

are

batteries,

fuel

cells,

and

supercapacitors.Chemical Reviews, 2004. 104(10): pp.4245-4270.
[2]

Dresselhaus, M & Thomas, I, Alternative energy technologies. Nature, 2001.
414(6861): pp.332-337.

[3]

Steele, BC & Heinzel, A, Materials for fuel-cell technologies. Nature, 2001.
414(6861): pp. 345-352.

[4]

Kang, E, Jung, YS, Cavanagh, AS, Kim, G H, George, SM, Dillon, AC&
Lee, J, 𝐹𝑒3 𝑂4 Nanoparticles Confined in Mesocellular Carbon Foam for High
Performance Anode Materials for Lithium‐Ion Batteries. Advanced
Functional Materials, 2011. 21(13): pp. 2430-2438.

[5]

Ji, L, Tan, Z, Kuykendall, T R, Aloni, S, Xun, S, Lin, E & Zhang, Y, 𝐹𝑒3 𝑂4
nanoparticle-integrated graphene sheets for high-performance half and full
lithium ion cells. Physical Chemistry Chemical Physics, 2011. 13(15):
pp.7170-7177.

[6]

Lee, KT, Jung, YS & Oh, SM, Synthesis of tin-encapsulated spherical hollow
carbon for anode material in lithium secondary batteries.American Chemical
Society, 2003. 125(19): pp.5652-5653.

[7]

Allen, MJ, Tung, VC & Kaner, RB, Honeycomb carbon: A review of
graphene.Chemical Reviews, 2009. 110(1): pp. 132-145.

[8]

Van Schalkwijk, W &Scrosati, B, Advances in lithium-ion batteries, 2002:
Plenum Publishing Corporation.

[9]

Vijh, AK, Electrochemistry of metals and semiconductors: the application of
solid state science to electrochemical phenomena, 1973, Dekker, M.

[10]

Wakihara, M, Yamamoto, O, Lithium ion batteries, 2008, John Wiley &
Sons.

[11]

Yu, Y, Chen, CH & Shi, Y, A Tin‐Based Amorphous Oxide Composite with a
Porous, Spherical, Multideck‐Cage Morphology as a Highly Reversible
Anode Material for Lithium‐Ion Batteries.Advanced Materials, 2007. 19(7):
pp. 993-997.

[12]

Gellings, PJ & Bouwmeester, H, Handbook of Solid State Electrochemistry,
2010, CRC press.
109

[13]

Sato, N, Electrochemistry at Metal and Semiconductor Electrodes, 1998,
Elsevier Science.

[14]

Yuan, X, Liu, H & Zhang, J, Lithium-ion Batteries: Advanced Materials and
Technologies, 2011, CRC Press.

[15]

Chu, A & Braatz, P, Comparison of commercial supercapacitors and highpower lithium-ion batteries for power-assist applications in hybrid electric
vehicles: I. Initial characterization.Power Sources, 2002. 112(1): pp. 236246.

[16]

Tarascon, JM & Armand, M, Issues and challenges facing rechargeable
lithium batteries.Nature, 2001. 414(6861): pp. 359-367.

[17]

Reddy, M, Subba Rao, G & Chowdari, B, Metal Oxides and Oxysalts as
Anode Materials for Li Ion Batteries, Chemical Reviews, 2013.

[18]

Megahed, S & Scrosati, B, Lithium-ion rechargeable batteries.Power
Sources, 1994. 51(1): pp.79-104.

[19]

Balbuena, PB & Wang, Y, Lithium-ion Batteries. 2004, World Scientific.

[20]

Masarapu, C, Subramanian, V, Zhu, H & Wei, B, Long‐Cycle
Electrochemical Behavior of Multiwall Carbon Nanotubes Synthesized on
Stainless Steel in Li Ion Batteries. Advanced Functional Materials, 2009.
19(7): pp. 1008-1014.

[21]

Linden, D & Reddy,TB, Handbook of Batteries. New York, 2002.

[22]

Buchmann, I & Inc, CE, Batteries in a Portable World: A Handbook on
Rechargeable Batteries for Non-Engineers, 2011, Cadex Electronics.

[23]

Wakihara, M, Recent developments in lithium ion batteries. Materials Science
and Engineering: R: Reports, 2001. 33(4): pp. 109-134.

[24]

Pistoia, G, Battery Operated Devices and Systems: From Portable
Electronics to Industrial Products. 2008, Elsevier.

[25]

Wang, G,Yang, J, Park, J, Gou, X, Wang, B, Liu, H & Yao, J, Facile
synthesis and characterization of graphene nanosheets.Physical Chemistry ,
2008. 112(22): pp. 8192-8195.

[26]

Hadjipaschalis, I, Poullikkas, A & Efthimiou, V,Overview of current and
future energy storage technologies for electric power applications.
Renewable and Sustainable Energy Reviews, 2009. 13(6):pp.1513-1522.

110

[27]

Belov, D & Yang, MH, Failure mechanism of Li-ion battery at overcharge
conditions.Solid State Electrochemistry, 2008. 12(7-8): pp. 885-894.

[28]

Scrosati, B & Garche, J, Lithium batteries: Status, prospects and
future.Power Sources, 2010. 195(9): pp. 2419-2430.

[29]

Mizushima, K, Jones, PC, Wiseman, PJ & Goodenough, J, Li x Co𝑂2 (0< x<1): A new cathode material for batteries of high energy density. Materials
Research Bulletin, 1980. 15(6): pp. 783-789.

[30]

Whittingham, MS, Lithium batteries and cathode materials. Chemical
Reviews-Columbus, 2004. 104(10): pp. 4271-4302.

[31]

Manthiram, A, Materials challenges and opportunities of lithium ion
batteries. Physical Chemistry Letters, 2011. 2(3): pp.176-184.

[32]

Liu, XM, Zhang, B, Ma, P C, Yuen, MM & Kim, J K, Carbon nanotube
(CNT)-based composites as electrode material for rechargeable Li-ion
batteries: A review. Composites Science and Technology, 2012. 72(2): pp.
121-144.

[33]

Kasavajjula, U, Wang, C & Appleby, AJ, Nano-and bulk-silicon-based
insertion anodes for lithium-ion secondary cells. Power Sources, 2007.
163(2): pp. 1003-1039.

[34]

Weydanz, W, Wohlfahrt-Mehrens, M & Huggins, R, A room temperature
study of the binary lithium–silicon and the ternary lithium–chromium–silicon
system for use in rechargeable lithium batteries. Power Sources, 1999. 81:
pp. 237-242.

[35]

Li, H,Shi, L, Lu, W, Huang, X & Chen, L, Studies on capacity loss and
capacity fading of nanosized SnSb alloy anode for Li-ion batteries.
Electrochemical Society, 2001. 148(8): pp. A915-A922.

[36]

Kaskhedikar, NA & Maier, J, Lithium storage in carbon nanostructures.
Advanced Materials, 2009. 21(25‐26): pp. 2664-2680.

[37]

Gao, B, Kleinhammes, A, Tang, XP, Bower, C, Fleming, L, Wu, Y& Zhou,
O, Electrochemical intercalation of single-walled carbon nanotubes with
lithium. Chemical Physics Letters, 1999. 307(3): pp. 153-157.

[38]

Park, JH, Ko, JM & Park, OO,Carbon nanotube/Ru𝑂2 nanocomposite
electrodes for supercapacitors. Electrochemical Society, 2003. 150(7): pp.
A864-A867.
111

[39]

Chen, WX, Lee, JY & Liu, Z, The nanocomposites of carbon nanotube with
Sb and 𝑆𝑛𝑆𝑏0.5 as Li-ion battery anodes. Carbon, 2003. 41(5): pp. 959-966.

[40]

Wang, Q, Wen, Z & Li, J, A Hybrid Supercapacitor Fabricated with a
Carbon Nanotube Cathode and a Ti𝑂2 –B Nanowire Anode. Advanced
Functional Materials, 2006. 16(16): pp. 2141-2146.

[41]

Ellis, BL, Lee, KT & Nazar, LF, Positive Electrode Materials for Li-Ion and
Li-Batteries.Chemistry of Materials, 2010. 22(3): pp. 691-714.

[42]

Benedek, R & Thackeray, M, Lithium reactions with intermetallic-compound
electrodes. Power Sources, 2002. 110(2): pp. 406-411.

[43]

Jung, YS, Lee, KT & Oh, SM,Si–carbon core–shell composite anode in
lithium secondary batteries. Electrochimica Acta, 2007. 52(24): pp. 70617067.

[44]

Myung, ST, Ogata, A, Lee, KS, Komaba, S, Sun, YK & Yashiro, H,
Structural, Electrochemical, and Thermal Aspects of Li [(𝑁𝑖0.5 𝑀𝑛0.5 ) 1− x
Co x]𝑂2 (0≤ x≤ 0.2) for High-Voltage Application of Lithium-Ion Secondary
Batteries. Electrochemical Society, 2008. 155(5): pp. A374-A383.

[45]

Cui, LF, Yang, Y, Hsu, C M & Cui, Y, Carbon- silicon core- shell nanowires
as high capacity electrode for lithium ion batteries. Nano Letters, 2009. 9(9):
pp. 3370-3374.

[46]

Kubiak, P,Geserick, J, Hüsing, N& Wohlfahrt-Mehrens, M, Electrochemical
performance of mesoporous Ti𝑂2 anatase. Power Sources, 2008. 175(1): pp.
510-516.

[47]

Fröschl, T, Hoermann, U, Kubiak, P, Kučerová, G, Pfanzelt, M, Weiss, CK
& Wohlfahrt-Mehrens, M, High surface area crystalline titanium dioxide:
potential and limits in electrochemical energy storage and catalysis.
Chemical Society Reviews, 2012. 41(15): pp. 5313-5360.

[48]

Yang, Z, Choi, D, Kerisit, S, Rosso, K M, Wang, D, Zhang, J, Graff, G &
Liu, J, Nanostructures and lithium electrochemical reactivity of lithium
titanites and titanium oxides: A review. Power Sources, 2009. 192(2): pp.
588-598.

[49]

Jansen, A, Kahaian, AJ, Kepler, KD, Nelson, PA, Amine, K, Dees, DW &
Thackeray, MM, Development of a high-power lithium-ion battery. Power
Sources, 1999. 81: pp. 902-905.
112

[50]

Patoux, S, Daniel, L, Bourbon, C, Lignier, H, Pagano, C, Le Cras, F&
Martinet, S, High voltage spinel oxides for Li-ion batteries: From the
material research to the application. Power Sources, 2009. 189(1): pp. 344352.

[51]

Yuan, T, Cai, R, Ran, R, Zhou, Y& Shao, Z, A mechanism study of synthesis
of 𝐿𝑖4 𝑇𝑖5 𝑂12 from Ti𝑂2 anatase. Alloys and Compounds, 2010. 505(1): pp.
367-373.

[52]

Sha, Y,Yuan, T, Zhao, B, Cai, R, Wang, H& Shao, Z, Solid lithium
electrolyte-Li4 Ti5 O12 composites as anodes of lithium-ion batteries showing
high-rate performance. Power Sources, 2012.

[53]

Yi, TF,Jiang, LJ, Shu, J, Yue, CB, Zhu, R S & Qiao, H B, Recent
development and application of 𝐿𝑖4 𝑇𝑖5 𝑂12 as anodesmaterial of lithium ion
battery. Physics and Chemistry of Solids, 2010. 71(9): pp. 1236-1242.

[54]

Ohzuku, T, Ueda, A &Yamamoto, N, Zero‐Strain Insertion Material of Li
[𝐿𝑖1 𝑇𝑖1 ]𝑂4 for Rechargeable Lithium Cell. Electrochemical Society,
3

3

1995. 142(5): pp. 1431-1435.
[55]

Park, KS, Benayad, A, Kang, DJ & Doo, SG, Nitridation-driven
conductive Li4 Ti5 O12 for lithium ion batteries. American Chemical Society,
2008. 130(45): pp. 14930-14931.

[56]

Hao, YJ, Lai, QY, Lu, JZ, Wang, HL, Chen, YD & Ji, XY, Synthesis and
characterization of spinel Li4 Ti5 O12 anode material by oxalic acid-assisted
sol–gel method. Power Sources, 2006. 158(2): pp. 1358-1364.

[57]

Gao, J,Ying, J, Jiang, C& Wan, C, High-density spherical 𝐿𝑖4 𝑇𝑖5 𝑂12 anode
material with good rate capability for lithium ion batteries. Power Sources,
2007. 166(1): pp. 255-259.

[58]

Striebel, K, Deng, CZ, Wen, SJ& Cairns, EJ, Electrochemical Behavior of
Li𝑀𝑛2 𝑂4

and

LiCo𝑂2

Thin

Films

Produced

with

Pulsed

Laser

Deposition.Electrochemical Society, 1996. 143(6): pp. 1821-1827.
[59]

Akimoto, J, Gotoh, Y& Oosawa, Y, Synthesis and Structure Refinement of
LiCo𝑂2 Single Crystals. Solid State Chemistry, 1998. 141(1): p. 298-302.

[60]

Liang, G & MacNeil, DD, State-of-the-Art Production Technology of
Cathode and Anode Materials for Lithium-Ion Batteries. Lithium-ion
Batteries: Advanced Materials and Technologies, 2012: p.327.
113

[61]

Fergus, JW, Recent developments in cathode materials for lithium ion
batteries. Power Sources, 2010. 195(4): pp. 939-954.

[62]

Whittingham, MS, Lithium batteries and cathode materials. Chemical
Reviews, 2004. 104(10): pp.4271-4302.

[63]

Lu, CH & Lin,YK, Microemulsion preparation and electrochemical
characteristics of Li𝑁𝑖1 3 𝐶𝑜1 3 𝑀𝑛1 3 𝑂2 powder. Power Sources, 2009.
189(1): pp.40-44.

[64]

Yunjian, L,Xinhai, L, Huajun, G, Zhixing, W, Qiyang, H, Wenjie, P& Yong,
Y,

Electrochemical

performance

and

capacity

fading

reason

of

Li𝑀𝑛2 𝑂4 graphite batteries stored at room temperatur. Power Sources, 2009.
189(1): pp.721-725.
[65]

Doi, T, Inaba, M, Tsuchiya, H, Jeong, SK, Iriyama, Y, Abe, T & Ogumi, Z,
Electrochemical AFM study of Li𝑀𝑛2 𝑂4 thin film electrodes exposed to
elevated temperature. Power Sources, 2008. 180(1): pp.539-545.

[66]

Vivier, V, Farcy, J & Pereira-Ramos, JP, Electrochemical lithium insertion in
sol-gel crystalline vanadium pentoxide thin films. Electrochimica Acta, 1998.
44(5): pp.831-839.

[67]

Yamada, A, Chung, SC & Hinokuma, K, Optimized LiFeP𝑂4 for lithium
battery cathode. Electrochemical Society, 2001. 148(3): pp.A224-A229.

[68]

Goodenough, JB & Park, KS,The Li-Ion Rechargeable Battery: A
Perspectivs. American Chemical Society, 2013. 135(4): pp.1167-1176.

[69]

Xu, K, Ding, SP & Jow, TR, Toward reliable values of electrochemical
stability limits for electrolytes. Electrochemical Society, 1999. 146(11):
pp.4172-4178.

[70]

Angell, C & Choi,Y, Crystallization and vitrification in aqueous
systems.Microscopy, 1986. 141(3): pp.251-261.

[71]

Xu, K, Ding, MS &Jow, TR, Quaternary onium salts as nonaqueous
electrolytes for electrochemical capacitors. Electrochemical Society, 2001.
148(3): pp.A267-A274.

[72]

Xu, K, Nonaqueous liquid electrolytes for lithium-based rechargeable
batteries. Chemical Reviews, 2004. 104(10): pp.4303-4418.

[73]

Pistoia, G, Nonaqueous Batteries with LiCl𝑂4 ‐Ethylene Carbonate as
Electrolyte. Electrochemical Society, 1971. 118(1): pp.153-158.
114

[74]

Ding, M, Xu, K, Zhang, SS, Amine, K, Henriksen, Gl & Jow, TR, Change of
conductivity with salt content, solvent composition, and temperature for
electrolytes

of

LiP𝐹6

in

ethylene

carbonate-ethyl

methyl

carbonate.Electrochemical Society, 2001. 148(10): pp. A1196-A1204.
[75]

Besenhard, J, The electrochemical preparation and properties of ionic alkali
metal-and N𝑅4 graphite intercalation compounds in organic electrolytes,
Carbon, 1976. 14(2): pp.111-115.

[76]

Arakawa, M & Yamaki, JI, The cathodic decomposition of propylene
carbonate in lithium batteries. Electroanalytical Chemistry and Interfacial
Electrochemistry, 1987. 219(1): pp.273-280.

[77]

Goodenough,

JB

&

Kim,

Y,Challenges

for

Rechargeable

Li

Batteries.Chemistry of Materials, 2009. 22(3): pp.587-603.
[78]

Ji, L, Lin, Z, Alcoutlabi, M & Zhang, X, Recent developments in
nanostructured anode materials for rechargeable lithium-ion batteries.
Energy & Environmental Science, 2011. 4(8): pp.2682-2699.

[79]

Wang, Y &Cao, G, Developments in Nanostructured Cathode Materials for
High‐Performance Lithium‐Ion Batteries. Advanced Materials, 2008. 20(12):
pp. 2251-2269.

[80]

Wu, MS, Ou, YH & Lin, YP, Iron oxide nanosheets and nanoparticles
synthesized by a facile single-step coprecipitation method for lithium-ion
batteries. Electrochemical Society, 2011. 158(3): pp.A231-A236.

[81]

Wu, C,Yin, P, Zhu, X, OuYang, C & Xie, Y, Synthesis of hematite (α𝐹𝑒2 𝑂3 nanorods: Diameter-size and shape effects on their applications in
magnetism, lithium ion battery, and gas sensors. Physical Chemistry B, 2006.
110(36): pp.17806-17812.

[82]

Lin, YM, Abel, PR, Heller, A & Mullins, CB, α-𝐹𝑒2 𝑂3 Nanorods as Anode
Material for Lithium Ion Batteries. Physical Chemistry Letters, 2011. 2(22):
pp.2885-2891.

[83]

Larcher, D,Masquelier, C, Bonnin, D, Chabre, Y, Masson, V, Leriche, J B &
Tarascon, JM, Effect of Particle Size on Lithium Intercalation into α-𝐹𝑒2 𝑂3 .
Electrochemical Society, 2003. 150(1): pp.A133-A139.

115

[84]

Bruce, PG, Scrosati, B & Tarascon, JM, Nanomaterials for rechargeable
lithium batteries. Angewandte Chemie International Edition, 2008. 47(16):
pp.2930-2946.

[85]

Poizot, P, Laruelle, S, Grugeon, S, Dupont, L & Tarascon, JM, Nano-sized
transition-metal oxides as negative-electrode materials for lithium-ion
batteries. Nature, 2000. 407(6803): pp. 496-499.

[86]

Taberna, PL, Mitra, S, Poizot, P, Simon, P& Tarascon, JM, High rate
capabilities 𝐹𝑒3 𝑂4 -based Cu nano-architectured electrodes for lithium-ion
battery applications. Nature Materials, 2006. 5(7): pp.567-573.

[87]

Coey, J, Berkowitz, AE, Balcells, L, Putris, FF & Parker, FT,
Magnetoresistance of magnetite.Applied Physics Letters, 1998. 72(6):
pp.734-736.

[88]

Idota, Y,Kubota, T, Matsufuji, A, Maekawa, Y & Miyasaka, T, Tin-based
amorphous oxide: a high-capacity lithium-ion-storage material.Science,
1997. 276(5317): pp.1395-1397.

[89]

Behera, SK, Facile synthesis and electrochemical properties of 𝐹𝑒2 𝑂4
nanoparticles for Li ion battery anode.Power Sources, 2011. 196(20):
pp.8669-8674.

[90]

Zhang, J, Huang, T, Liu, Z & Yu, A, Mesoporous 𝐹𝑒2 𝑂3 nanoparticles as
high performance anode materials for lithium-ion batteries. Electrochemistry
Communications, 2013. 29: pp.17-20.

[91]

Yu, WJ, Hou, PX, Li, F& Liu, C, Improved electrochemical performance of
𝐹𝑒2 𝑂3 nanoparticles confined in carbon nanotubes. Materials Chemistry,
2012. 22(27): pp.13756-13763.

[92]

Yang, L, Gao, QS, Zhang, Y H, Tang, Y & Wu, YP, Tremella-like
molybdenum dioxide consisting of nanosheets as an anode material for
lithium ion battery.Electrochemistry Communications, 2008. 10(1): pp.118122.

[93]

Liu, H, Wexler, D & Wang, G,One-pot facile synthesis of iron oxide
nanowires as high capacity anode materials for lithium ion batteries. Alloys
and Compounds, 2009. 487(1): pp.L24-L27.

116

[94]

Morimoto, H, Tobishima, SI & Iizuka,Y, Lithium intercalation into α-𝐹𝑒2 𝑂3
obtained by mechanical milling of α-FeOOH. Power Sources, 2005. 146(1):
pp.315-318.

[95]

Li, X, Dhanabalan, A, Bechtold, K & Wang, C, Binder-free porous core–
shell structured Ni/NiO configuration for application of high performance
lithium ion batteries.Electrochemistry Communications, 2010. 12(9):
pp.1222-1225.

[96]

Chaudhari, S & Srinivasan, M, 1D hollow α-𝐹𝑒2 𝑂3 electrospun nanofibers as
high performance anode material for lithium ion batteries. Materials
Chemistry, 2012. 22(43): pp.23049-23056.

[97]

Morales, J, Sanchez, L, Martin, F, Berry, F& Ren, X, Synthesis and
characterization of nanometric iron and iron-titanium oxides by mechanical
milling: Electrochemical properties as anodic materials in lithium
cells.Electrochemical Society, 2005. 152(9): pp.A1748-A1754.

[98]

Liu, H,Wang, G, Park, J, Wang, J, Liu, H & Zhang, C, Electrochemical
performance of α-𝐹𝑒2 𝑂3 nanorods as anode material for lithium-ion cells.
Electrochimica Acta, 2009. 54(6): pp.1733-1736.

[99]

Tenne, R, Inorganic nanotubes and fullerene-like nanoparticles.Nature
Nanotechnology, 2006. 1(2): pp.103-111.

[100] Lahiri, I, Lahiri, D, Jin, S, Agarwal, A & Choi, W, Carbon Nanotubes: How
strong is their bond with the substrate. ACS Nano, 2011. 5(2): pp.780-787.
[101] Hulteen, J, A, general template-based method for the preparation of
nanomaterials. Materials Chemistry, 1997. 7(7): pp.1075-1087.
[102] Liu, J,Li, Y, Fan, H, Zhu, Z, Jiang, J, Ding, R, Hu, Y & Huang, X, Iron
oxide-based nanotube arrays derived from sacrificial template-accelerated
hydrolysis: large-area design and reversible lithium storage, Chemistry of
Materials, 2009. 22(1): pp.212-217.
[103] Dresselhaus, MS, Dresselhaus, G & Eklund, PC, Science of fullerenes and
carbon nanotubes: Their properties and applications. 1996: Academic Press.
[104] Bonard, JM,Salvetat, JP, Stockli, T, Deheer, W A, Forró, L & Châtelain, A,
Field emission from single-wall carbon nanotube films. Applied Physics
Letters, 1998. 73(7): pp.918-920.

117

[105] Dürkop, T, Getty, SA, Cobas, E & Fuhrer, MS, Extraordinary mobility in
semiconducting carbon nanotubes. Nano Letters, 2004. 4(1): pp.35-39.
[106] Yao, Z, Kane, CL & Dekker, C, High-field electrical transport in single-wall
carbon nanotubes. Physical Review Letters, 2000. 84(13): p.2941.
[107] Liu, J,Getty, SA, Cobas, E & Fuhrer, MS, Layered Double Hydroxide
Nano‐and Microstructures Grown Directly on Metal Substrates and Their
Calcined Products for Application as Li‐Ion Battery Electrodes. Advanced
Functional Materials, 2008. 18(9): pp.1448-1458.
[108] Wu, XL,Guo, YG, Wan, LJ & Hu, CW, α-𝐹𝑒2 𝑂3 nanostructures: Inorganic
salt-controlled synthesis and their electrochemical performance toward
lithium storage.Physical Chemistry, 2008. 112(43): pp.16824-16829.
[109] Nuli, Y, Zhang, P, Guo, Z& Liu, H, Shape evolution of α-𝐹𝑒2 𝑂3 and its sizedependent

electrochemical

properties

for

lithium-ion

batteries.

Electrochemical Society, 2008. 155(3): pp.A196-A200.
[110] Liu, J,Ding, R, Jiang, J, Hu, Y, Ji, X, Chi, Q, Zhu, Z & Huang, X,
Carbon/ZnO nanorod array electrode with significantly improved lithium
storage capability. Physical Chemistry C, 2009. 113(13): pp.5336-5339.
[111] Xiao, W, Chen, JS, Li, C M, Xu, R & Lou, X W, Synthesis, Characterization,
and Lithium Storage Capability of AMo𝑂3 (A= Ni, Co) Nanorods.Chemistry
of Materials, 2009. 22(3): pp.746-754.
[112] Hu, A,Chen, X, Tang, Y, Yang, L, Xiao, H & Fan, B, A facile method to
synthesize𝐹𝑒3 𝑂4 /graphene composites in normal pressure with high rate
capacity and cycling stability, Materials Letters, 2012.
[113] Ahn, S,Kim, Y, Kim, KJ, Kim, TH, Lee, H & Kim, MH, Development of high
capacity, high rate lithium ion batteries utilizing metal fiber conductive
additives.Power Sources, 1999. 81: pp.896-901.
[114] Zhang, WM, Wu, XL, Hu, JS, Guo, YG & Wan, LJ, Carbon
Coated 𝐹𝑒3 𝑂4 Nanospindles as a Superior Anode Material for Lithium‐Ion
Batteries. Advanced Functional Materials, 2008. 18(24): pp.3941-3946.
[115] Zhan, F, Geng, B & Guo, Y, Porous𝐶𝑜3 𝑂4 nanosheets with extraordinarily
high discharge capacity for lithium batteries. Chemistry-A European Journal,
2009. 15(25): pp.6169-6174.

118

[116] Wang, JZ, Zhong, C, Wexler, D, Idris, HN, Wang, ZX, Chen, LQ & Liu, HK,
Graphene‐Encapsulated 𝐹𝑒3 𝑂4 Nanoparticles with 3D Laminated Structure
as Superior Anode in Lithium Ion Batteries. Chemistry-A European Journal,
2011. 17(2): pp.661-667.
[117] Lee, C, Wei, X, Kysar, JW& Hone, J, Measurement of the elastic properties
and intrinsic strength of monolayer graphene, Science, 2008. 321(5887):
pp.385-388.
[118] Peigney, A, Laurent, C, Flahaut, E, Bacsa, R R & Rousset, A, Specific
surface area of carbon nanotubes and bundles of carbon nanotubes, Carbon,
2001. 39(4): pp.507-514.
[119] Wang, T, Liu, Z, Lu, M, Wen, B, Ouyang, Q, Chen, Y, Zhu, C & Qi, L,
Graphene–𝐹𝑒3 𝑂4 nanohybrids: Synthesis and excellent electromagnetic
absorption properties. Applied Physics, 2013. 113(2): pp.024314-024314-8.
[120] Cui, ZM, Jiang, LY, Song, WG & Guo, YG, High-Yield Gas-Liquid
Interfacial Synthesis of Highly Dispersed 𝐹 𝑒3 𝑂4 Nanocrystals and Their
Application in Lithium-Ion Batteries.Chemistry of Materials, 2009. 21(6):
pp.1162-1166.
[121] Ma, J, Yu, F, Wen, Z, Yang, M, Zhou, H, Li, C, Jin, L & Chen, J, A facile
one-pot method for synthesis of low-cost iron oxide/activated carbon
nanotube electrode materials for lithium-ion batteries, Dalton Trans, 2013.
42(5): pp.1356-1359.
[122] Zhou, G, Wang, DW, Li, F, Zhang, L, Li, N, Wu, ZS,Wen, L, Lu,GQ &
Cheng, HM, Graphene-wrapped 𝐹𝑒3 𝑂4 anode material with improved
reversible capacity and cyclic stability for lithium ion batteries.Chemistry of
Materials, 2010. 22(18): pp. 5306-5313.
[123] Zhu, X, Zhu, Y, Murali, S, Stoller, MD & Ruoff, RS, Nanostructured
reduced graphene oxide/𝐹𝑒2 𝑂3 composite as a high-performance anode
material for lithium ion batteries.ACS Nano, 2011. 5(4): pp.3333-3338.
[124] Hsieh, CT, Lin, JY & Mo, CY, Improved storage capacity and rate capability
of 𝐹𝑒3 𝑂4 -graphene anodes for lithium-ion batteries. Electrochimica Acta,
2011. 58: pp.119-124.
[125] Wang, G, Liu, T, Xie, X, Ren, Z, Bai, J & Wang, H, Structure and
electrochemical performance of 𝐹𝑒3 𝑂4 /graphene nanocomposite as anode
119

material for lithium-ion batteries. Materials Chemistry and Physics, 2011.
128(3): pp.336-340.
[126] Yao, J, Shen, X, Wang, B, Liu, H& Wang, G, In situ chemical synthesis of
Sn𝑂2 –graphene

nanocomposite

as

anode

materials

for

lithium-ion

batteries.Electrochemistry Communications, 2009. 11(10): pp.1849-1852.
[127] Chen, D, Ji, G, Ma, Y, Lee, JY& Lu, J, Graphene-encapsulated hollow
𝐹𝑒3 𝑂4 nanoparticle aggregates as a high-performance anode material for
lithium ion batteries. ACS Applied Materials & Interfaces, 2011. 3(8):
pp.3078-3083.
[128] Iijima, S, Helical microtubules of graphitic carbon.Nature, 1991. 354(6348):
pp. 56-58.
[129] Schnitzler, MC, Oliveira, MM, Ugarte, D & Zarbin, A J, One-step route to
iron oxide-filled carbon nanotubes and bucky-onions based on the pyrolysis
of organometallic precursors. Chemical Physics Letters, 2003. 381(5):
pp.541-548.
[130] Kim, HS,Lee, H, Han, KS, Kim, JH, Song, MS, Park, MS & Kang, JK,
Hydrogen storage in Ni nanoparticle-dispersed multiwalled carbon
nanotubes. Physical Chemistry B, 2005. 109(18): pp.8983-8986.
[131] Yoon, B &Wai, CM, Microemulsion-templated synthesis of carbon nanotubesupported Pd and Rh nanoparticles for catalytic applications.American
Chemical Society, 2005. 127(49): pp.17174-17175.
[132] Zhang, Y,Franklin, NW, Chen, RJ & Dai, H, Metal coating on suspended
carbon nanotubes and its implication to metal–tube interaction.Chemical
Physics Letters, 2000. 331(1): pp.35-41.
[133] Sun, Z,Yuan, H, Liu, Z, Han, B & Zhang, X, A Highly Efficient Chemical
Sensor Material for 𝐻2 S:α‐𝐹𝑒2 𝑂3 Nanotubes Fabricated Using Carbon
Nanotube Templates.Advanced Materials, 2005. 17(24): pp.2993-2997.
[134] Liu, Q,Chen, ZG, Liu, B, Ren, W, Li, F, Cong, H & Cheng, HM, Synthesis of
different magnetic carbon nanostructures by the pyrolysis of ferrocene at
different sublimation temperatures. Carbon, 2008. 46(14): pp. 1892-1902.
[135] Correa-Duarte, MA,Grzelczak, M, Salgueiriño-Maceira, V, Giersig, M, LizMarzán, LM, Farle, M, Seirazdki, K & Diaz, R, Alignment of carbon

120

nanotubes under low magnetic fields through attachment of magnetic
nanoparticles.Physical Chemistry B, 2005. 109(41): pp.19060-19063.
[136] Wang, X, Zhao, Z, Qu, J, Wang, Z & Qiu, J, Fabrication and
characterization of magnetic 𝐹𝑒3 𝑂4 –CNT composites. Physics and Chemistry
of Solids, 2010. 71(4): pp.673-676.
[137] Jiang, L & Gao, L, Carbon nanotubes-magnetite nanocomposites from
solvothermal processes: formation, characterization, and enhanced electrical
properties. Chemistry of Materials, 2003. 15(14): pp.2848-2853.
[138] Wu, Y, Wei, Y, Wang, J, Jiang, K & Fan, S, Conformal 𝐹𝑒3 𝑂4 Sheath on
Aligned Carbon Nanotube Scaffolds as High-Performance Anodes for
Lithium Ion Batteries. Nano Letters, 2013. 13(2): pp.818-823.
[139] Pan, X & Bao, X, Reactions over catalysts confined in carbon nanotubes
,Chemical Communications, 2008(47): pp.6271-6281.
[140] Pan, X, Fan, Z, Chen, W, Ding, Y, Luo, H & Bao, X, Enhanced ethanol
production inside carbon-nanotube reactors containing catalytic particles.
Nature materials, 2007. 6(7): pp.507-511.
[141] Yu, WJ, Hou, PX, Zhang, LL, Li, F, Liu, C & Cheng, HM, Preparation and
electrochemical

property

of 𝐹𝑒2 𝑂3 nanoparticles-filled

carbon

nanotubes.Chemical Communications, 2010. 46(45): pp.8576-8578.
[142] Kanungo, M, Isaacs, HS & Wong, SS, Quantitative control over
electrodeposition of silica films onto single-walled carbon nanotube surfaces,
Physical Chemistry C, 2007. 111(48): pp.17730-17742.
[143] Joselevich, E & Lieber, CM, Vectorial growth of metallic and
semiconducting single-wall carbon nanotubes.Nano Letters, 2002. 2(10):
pp.1137-1141.
[144] Guan, D, Gao, Z, Yang, W, Wang, J, Yuan, Y, Wang, B, Zhang, M & Liu, L,
Hydrothermal synthesis of carbon nanotube/cubic 𝐹𝑒3 𝑂4 nanocomposite for
enhanced performance supercapacitor electrode material.Materials Science
and Engineering: B, 2013.
[145] Ma, J & Wang, JN, Purification of single-walled carbon nanotubes by a
highly efficient and nondestructive approach. Chemistry of Materials, 2008.
20(9): pp. 2895-2902.

121

[146] He, Y, Huang, L, Cai, JS, Zheng, XM & Sun, S G, Structure and
electrochemical performance of nanostructured 𝐹𝑒3 𝑂4 /carbon nanotube
composites as anodes for lithium ion batteries. Electrochimica Acta, 2010.
55(3): pp.1140-1144.
[147] Xiong, QQ, Lu, Y, Wang, XL, Gu, CD, Qiao, YQ & Tu, JP, Improved
electrochemical performance of porous 𝐹𝑒3 𝑂4 /carbon core/shell nanorods as
an anode for lithium-ion batteries. Alloys and Compounds, 2012. 536:
pp.219-225.
[148] Wang, L,Yu, Y, Chen, PC, Zhang, DW & Chen, CH, Electrospinning
synthesis of C/𝐹𝑒3 𝑂4 composite nanofibers and their application for high
performance lithium-ion batteries. Power Sources, 2008. 183(2): pp.717-723.
[149] Lang, L & Xu, Z, In Situ Synthesis of Porous 𝐹𝑒3 𝑂4 /C Microbelts and Their
Enhanced Electrochemical Performance for Lithium-Ion Batteries. ACS
Applied Materials & Interfaces, 2013. 5(5): pp.1698-1703.
[150] Zhao, X, Xia, D & Zheng, K, An 𝐹𝑒3 𝑂4 –FeO–Fe@C composite and its
application as anode for lithium-ion battery. Alloys and Compounds, 2012.
513: pp.460-465.
[151] Jin, S, Deng, H, Long, D, Liu, X, Zhan, L, Liang, X, Deng, H, Long, D, Liu,
X, Zhan, L, Liang, X, Qiao, W & Ling, L, Facile synthesis of hierarchically
structured 𝐹𝑒3 𝑂4 /carbon micrso-flowers and their application to lithium-ion
battery anodes. Power Sources, 2011. 196(8): pp.3887-3893.
[152] Bragg, WL, The diffraction of short electromagnetic waves by a crystal, in
Proceedings of the Cambridge Philosophical Society. 1913.
[153] Klug, HP & Alexander, LE, X-ray diffraction procedures: for polycrystalline
and amorphous materials. X-ray Diffraction Procedures: For Polycrystalline
and Amorphous Materials, 2nd Edition, by Harold P. Klug, Leroy E.
Alexander, Wiley-VCH, 1974. 1.
[154] Goldstein, J, Newbury, DE, Joy, DC, Lyman, CE, Echlin, P, Lifshin, E &
Michael, JR, Scanning electron microscopy and X-ray microanalysis. 2003:
Springer.
[155] Hubbard, AT, The Handbook of Surface Imiging and Visualization. 1995:
CRC Press.

122

[156] Egerton, RF, Physical principles of electron microscopy: an introduction to
TEM, SEM, and AEM. 2005: Springer.
[157] Liu, H, Design of nano-structured materials and their applications for
lithium ion batteries. 2010.
[158] Gardiner, DJ, Graves, PR & Bowley, HJ, Practical Raman Spectroscopy,
1989: Springer-Verlag Heidelberg, Germany.
[159] Hassan, MF,Guo, Z, Chen, Z & Liu, H, α-𝐹𝑒2 𝑂3 as an anode material with
capacity rise and high rate capability for lithium-ion batteries, Materials
Research Bulletin, 2011. 46(6): pp.858-864.
[160] Gao, X, Development of new electrode materials for lithium battery. 2011.
[161] yen Chew, S, Advanced materials for electrodes and electrolyte in
rechargeable lithium batteries. 2009: University of Wollongong.
[162] Zhang, Y, Feng, H, Wu, X, Wang, L, Zhang, A, Xia, T & Zhang, L, Progress
of electrochemical capacitor electrode materials: A review, International
journal of hydrogen energy, 2009. 34(11): pp.4889-4899.
[163] Yang, S, Feng, X & Mollen, K, Sandwich-Like Graphene-Based
titania nanosheets with high surface area for fast lithium storage, Adv.
Mater., 2011. 23, pp. 3575-3579.
[164] Yang, S, Feng, X, Mollen, K, Wang, L, Tang, K & Maler, J, 2010, GrapheneBased nanosheets with a sandwich structure, Anqew. Chem.Int.Ed, 2010. 49,
pp. 4795-4799

[165]

Hung, JY, Zhong, L, Wang, CM, Sullivan, JP, Xu, W, Zhang, L.Q, Mao
S.H, Hudak, NS, Liu, XH & Subra-manian, A, In-situ observation of the electrochemical lithiation of a single SnO2 nanowire electrode,
Science, 2010. 330, pp. 1515-1520.

[166] Wang, CM, Xu, W, Liu, J, Zhang, JG, Saraf, LV, Arey, BW, Choi, D,
Yang, ZG, Xiao, J & Thevuthasan, S, In-situ transmission electron
microscopy observation of microstructure and phase evolution in a SnO2
nanowire during lithium intercalation, Nano.Lett., 2011. 11, pp.1874-1880.
[167] Su, Y, Li, S, Wu, D, Zhang, F, Liang, H, Gao, P, Cheng, C & Feng, X,
Two- Dimensional carbon coated graphene/ metal oxide hybrids
for enhanced lithium storage, American chemical society, 2012. 9 (9), pp.
123

8349-8356.
[168] Song, P, Synthesis of graphene nanosheets via oxalic acid-induced chemical
reduction of exfoliated graphite oxide.RSC Advances, 2012. 2(3): pp.11681173.
[169] Allen, M, Tung, V & Kaner, R, Honeycomb Carbon: A Review of
Graphene.Chemical reviews, 2010. 110(1): p. 132-145.
[170] He, C,Wu, Zhao, N, Shi, C, Liu, EZ & Li, J, Carbon Encapsulated 𝐹𝑒3 𝑂4
Nanoparticles as a high-rate lithium ion battery anode material.ACS Nano,
2013.
[171] Zhang, S, Xu, K & Jow, T, Study of the charging process of a LiCo𝑂2 -based
Li-ion battery. Power Sources, 2006. 160(2): pp.1349-1354.
[172] Amine, K,Belharouak, I, Chen, Z, Tran, T, Yumoto, H, Ota, N & Sun, YK,
Nanostructured anode material for high‐power battery system in electric
vehicles, Advanced Materials, 2010. 22(28): pp.3052-3057.
[173] Zaghib, K,Simoneau, M, Armand, M & Gauthier, M, Electrochemical study
of 𝐿𝑖4 𝑇𝑖5 𝑂12 as negative electrode for Li-ion polymer rechargeable batteries.
Power Sources, 1999. 81: pp.300-305.
[174] Colbow, K, Dahn, J& Haering, K, Structure and electrochemistry of the
spinel oxides Li𝑇𝑖2 𝑂4 and LiTi𝑂4 . Power Sources, 1989. 26(3): pp.397-402.
[175] Chen, C,Vaughey, JT, Jansen, AN, Dees, DW, Kahaian, AJ, Goacher, T &
Thackeray, MM, Studies of Mg-Substituted 𝐿𝑖4−𝑥 𝑀𝑔𝑥 𝑇𝑖2 𝑂12 Spinel
Electrodes (0≤ x≤ 1) for Lithium Batteries. Electrochemical Society, 2001.
148(1): pp.A102-A104.
[176] Ouyang, C, Zhong, Z & Lei, M, Ab initio studies of structural and electronic
properties of 𝐿𝑖4 𝑇𝑖5 𝑂12 spinel. Electrochemistry Communications, 2007. 9(5):
pp.1107-1112.
[177] Borghols, WJH, Lützenkirchen-Hecht, D, Haake, U, Van Eck, ERH, Mulder,
FM &Wagemaker, M, The electronic structure and ionic diffusion of
nanoscale LiTi𝑂2 anatase.Physical Chemistry Chemical Physics, 2009.
11(27): pp.5742-5748.

124

[178] Borghols, W,Wagemaker, M, Lafont, U, Kelder, EM & Mulder, FM, Size
Effects in the 𝐿𝑖4+𝑥 𝑇𝑖5 𝑂12 Spinel. American Chemical Society, 2009. 131(49):
pp.17786-17792.
[179] Cheng, L,Yan, J, Zhu, GN, Luo, JY, Wang, C X & Xia, YY, General
synthesis of carbon-coated nanostructure 𝐿𝑖4 𝑇𝑖5 𝑂12 as a high rate electrode
material for Li-ion intercalation. Materials Chemistry, 2010. 20(3): pp.595602.
[180] Jung, HG, Myung, ST, Yoon, CS, Son, SB, Oh, KH, Amine, K & Sun, YK,
Microscale spherical carbon-coated 𝐿𝑖4 𝑇𝑖5 𝑂12 as ultra high power anode
material for lithium batteries. Energy & Environmental Science, 2011. 4(4):
pp. 1345-1351.
[181] Konstantinov, K, Bewlay, S, Wang, GX, Lindsay, M, Wang, JZ, Liu, HK &
Ahn, JH, New approach for synthesis of carbon-mixed LiFeP𝑂4 cathode
materials. Electrochimica Acta, 2004. 50(2): pp.421-426.
[182] Liu, J,Conry, TE, Song, X, Doeff, MM & Richardson, TJ, Nanoporous
spherical LiFeP𝑂4 for high performance cathodes. Energy & Environmental
Science, 2011. 4(3): pp.885-888.
[183] Wang, B, Konstantinov, K, Wexler, D, Liu, H & Wang, G, Synthesis of
nanosized vanadium pentoxide/carbon composites by spray pyrolysis for
electrochemical capacitor application. Electrochimica Acta, 2009. 54(5):
pp.1420-1425.
[184] Larson, AC & Von Dreele,

RB, General Structure Analysis System.

LANSCE, MS-H805, Los Alamos, New Mexico, 1994.
[185] Toby, BH, EXPGUI, a graphical user interface for GSAS. Applied
Crystallography, 2001. 34(2): pp.210-213.
[186] Reddy, M, Subba Rao, G & Chowdari, B, Preparation and characterization
of Li𝑁𝑖0.5 𝐶𝑜0.5 𝑂2 and Li𝑁𝑖0.5 𝐶𝑜0.4 𝐴𝑙0.1 𝑂2 by molten salt synthesis for Li ion
Batteries. Physical Chemistry C, 2007. 111(31): pp.11712-11720.
[187] Zhao, L, Hu, YS, Li, H, Wang, Z & Chen, L, Porous 𝐿𝑖4 𝑇𝑖5 𝑂12 Coated with
N‐Doped Carbon from Ionic Liquids for Li‐Ion Batteries. Advanced
Materials, 2011. 23(11): pp.1385-1388.
[188] Shannon, R, Revised effective ionic radii and systematic studies of
interatomic distances in halides and chalcogenides. Acta Crystallographica
125

Section

A:

Crystal

Physics,

Diffraction.

Theoretical

and

General

Crystallography, 1976. 32(5): pp.751-767.
[189] Wagemaker, M,Simon, DR, Kelder, EM, Schoonman, J, Ringpfeil, C, Haake,
U & Mulder, FM, A Kinetic Two‐Phase and Equilibrium Solid Solution in
Spinel𝐿𝑖4+𝑥 𝑇𝑖5 𝑂12 .Advanced Materials, 2006. 18(23): pp.3169-3173.
[190] Meethong, N, Huang, HYS, Carter, WC & Chiang, YM, Size-dependent
lithium miscibility gap in nanoscale 𝐿𝑖1−𝑥 FeP𝑂4 . Electrochemical and SolidState Letters, 2007.10(5): pp.A134-A138.
[191] Wolfenstine, J, Lee, U & Allen, J, Electrical conductivity and rate-capability
of 𝐿𝑖4 𝑇𝑖5 𝑂12 as a function of heat-treatment atmosphere. Power Sources,
2006. 154(1): pp.287-289.
[192] Kang, B & Ceder, G, Battery materials for ultrafast charging and
discharging. Nature, 2009. 458(7235): pp.190-193.
[193] Beuvier, T, Richard-Plouet, M, Mancini-Le Granvalet, M, Brousse, T,
Crosnier, O& Brohan, L, Ti𝑂2 (B) nanoribbons as negative electrode
material for lithium ion batteries with high rate performance. Inorganic
chemistry, 2010. 49(18): pp. 8457-8464.

126

APPENDIX A: PUBLICATION

1.Guodong Du, Brad R. Winton, Israa,M, Hashim, Neeraj Sharma, Konstantin
Konstantinov, M. V. Reddy , Zaiping Guo 2014, Mass production of Li4Ti5O12with
conductive network via in-situ spray pyrolysis as a long cycle life, high rate anode
material for lithium ion batteries, RSC Advances.

127

APPENDIX B : RECEVED REWARD
1.2009: Iraqi Government Scholarship at Third and Higher Third level.

128

129

